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:'_o ABSTRACT
., /

Experimental results are presented on the propulsion

performance of an MPD arcjet thrustor operated on

both gaseous and alkali metal vapor propellants. The

overaU electric to thrust power efficiency appears to

be primarily a function of the specific impulse and
propellant type, and is quite insensitive to the abso-

lute value of either the input power or the applied

: external magnetic field. The propuleion data ob-

tailed for engine operation with gaseous propellants
at low mass flows is open to question because of the

existence of gas entrainment; operation of the MPD
arcjet thrustor with the condensable alkali metal

vapor propellants, and thus reduced test tank back

pressures, has r-.duced but not eliminated the
possibility of interaction between the acceleration

process and the test tank environment. Although

the performance of the MPD arcjet (> 50_0 efficiency

at 5000 seconds specific impulse) continues to look

attractive, work is urgentl 7 required to de'_ermine
the nature and ex_nt of the gas acceleration process.
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L INTRODUCTION
!

A. PROGRAM OBJECTIVE

The objectives of t_.-sprog-_-a_, entitled Arc Jet Techno!ogy Research and
Development, covducted under Contract NAS 3-5900 with the NASA Lewis

Research Center, have been to explore the operation of the magnetoplasma-

dynamic (EfPD_ arcjet thrustor and to evaluate the factors contributing to

thrustor life _nd overall energy conversion efficiency.

B. PROGRAM ORGANIZATION

This program originated _r._m the Electric Propulsion Office of the NASA

Lewis Resea¢ch Center. Mr. H. Hunczak was Project Manager for the

Electric Propulsion Office. Dr. R.R. John was Project Director at Avco RAD
and Dr. S. Bennett was Associate Project Director. Principal Avco RAID

participants and the areas in which they contributed are: Dr. A. Tuchman,

Mr. G. Enos, and Mr. C. Simard, Thrustor Development and Performance
Testing; Dr. J. Yos, Thrustor Analysis; Dr. Tuchman and Mr. W. Powers,

Thrustor Diagnostics.

C. PROGRAM SCHEDULING

This is the Final Report submitted under Contract NAS 3-5900; it covers the

period from 3 June 1964 through 11 September 1965.

D. T]_CHNICAL SUMMARY

During the initial stages of the program, primary attention, both experimental

and analytical, was directed towards the e>rploration of increases in specific

impulse and efficiency which appear to be associated with operation of arc jet

thrustors at low propellant mass flow rates and high current levels. It was

postulated that the_e increases resulted from self-induced magnetic field .
effects. Apparent specific impulse values {thrust/mass flow rate} in excess

of I0,000 seconds were obtained in a water-cooled arcjet engine with hydrogen
propella._t, at overall efficiencies of approximately 50 percent at power levels _"

in the range of I00 to ZOO kw. Tests were made with other gaseous propellants

as well; in particular, argon, nitrogen and ammonia were used. Engine . ..
performance with ammonia was quite similar to that obtained with hydrogen,

particularly with respect to the efficiency--spec_.fic impulse curve. Simple

analyses were made of the engine performance based upon the cathode jet
mechanisms proposed by Maecker% and fairly good agreement between the

preclictions of these analyses and th_ measured values was obtained.

-- .:_
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i An external magnetic field coil was added to the engine to compare the

: increases in specific impulse and efficiency obtained from the self-induced
t field effec'_ studied during the initial sta_es of the contract period with those

due to cxternaUy applied magnetic field ef/ects. Propulsion data were obtained

with hydrogen and ammonia as propellants over a wide Tange of propellant

flow rates, arc currents, arc powers, and applied m_.gnetic field strengths.
Overall efficiency values (at input power levels of Z0 to 160 kw) for hydrogen

were found to be Z5 percent at 3000 seconds, 30 percent at 4000 seconds, 40

percent at 5000 seconds. For ammonia (at input power levels of Z0 to 80 kw)

the data indicated efficiencies of 30 percent at 3000 seconds, and 35 percent

at 3500 seconds. Some data were also obtained with helium, argon, and
nitrogen as propellants. An effort was made to separate the contributions to

the measured thrusts from the different thrust producing mechanisms--aero-

dynamic, sell-induced, and external magnetic field effects.

Experimental data were next obtained which suggested that environmental test

tank gas entrainment may have been an important factor in the evaluation of
magnetoplasmadynamic (MPD) arc jet propulsion performance. Specifically,

the MPD arc jet was operated at a condition of zero mas._ flow (inlet gas off).
It was found tl_t electrode erosion was negligible and that at a fixed arc

1 current the measured values of engine thrust _nd voltage for the gas-off

I condition were quite similar to the values obtained for the gas on condition.
! The results thus indicated that under at least some conditions of mass flow

I rate and tank back pressure, the entrained gas flow was of the same order ofmagnitude as the metered inlet gas flow. Failure to include the entrained gas
flow in the estimates of engine thrust power would lead to overestimated values
for the thrust power and thus to overestimated values of the electric to thrust

, power conversion efficiency.

In order to reduce the gas flow entrained by the MPD arcjet discharge an

" effort was made to operate the MPD arcjet at as low a back pressure as
possible• _'-xperiments with flowing ammonia and hydrogen were carried out

at back pressures of the order of I00 microns. By using condensable pro-

pellants, e.g., the alkali metals, which can be readily cryopumped, the

operating back pressure was reduced by at least three orders of magnitude to

about 10 -I micron. Experiments were initiated using both cesium and

_ lithlum as working fluids in order to obtain lower operating pressures; further,

• cesium and lithium are both attractive as MPD arcjet propellants becaus_ of

• | their potentially high frozen flow efflciencies when compared to hydrogen.
Prellminary datawere obtalnedwith both cesium and lithium.

During the same period, work was initiated towards a study of magnet sub-
systems. A critical prr_blem in the application ol the MPD arc jet to either

a solar-electric or nuclear-electrlc powered spacecraft is the weight of the

/' required subsystems. The MPD arcjet is inherently a low voltage device,

_: and the power conditioning subsystem requirements are minimal; however, it
'. is likely that the h/IPD arc jet will require either a permanent magnet or

i _ti. ,
• :e ,t_.-; ,
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el_ctromagnet to produce the required external magnetic field. A prelimil_ary
_tudy was carried out to determine the weight and power requirements of the

external magnetic field subsystem. It became clear from this study that the

critical parameter in the determination of the weight and power penalties
associated with the external field was, asmightbe expected, the strength and

shape of the required field.

During the second half of the contract period, emphasis was placed upon

operation of a low power (5 to i0 kw) MPD arcjet with cesium as the propellant.
In a v_ter-cooled thrustor design specific impulse values up to nearly 3000
seconds were obtained, with no indication that any limit had been reached.

The anode heating losses were substantial under these conditions with between
50 and 70 percent of the input power lost in the a_ode. The overall propulsive

efficiencies were therefore only of the order of 10 percent at Z000 seconds i

and 14 percent at 3000 seconds Isp . A radiation-cooled thrustor was builto,-_erated with cesium as the propellant, and preliminary propulsion data
were obtained with it.

With cesium as the propell_nt, the required pumping speed of the vacuum

system was greatly re_luced compared to the value for operation in a gas

such as hydrogen. Much of the propellant condenses in the test tank and need

not be handled by the pumps. Thus a small diffusion pump was inserted into

the test system and a1.1,owed testing at running pressures of the order of 0.1
micron as measured by an ionization F_e.

During the final quarter thrust data were obtainedusing cesium and lithium as
propellants with a radiation-cooled, low-power (5 to 20 kw) thruster. Operating

ambient tank pressures as measured with an ionization gauge were of the order
of 0.1 to 0. Z micron, with ambient gas mean free paths of the order of the

dimensions of the test tank itself. Operation of the engine with cesium yielded

overall propulsive efficiencies of the order of 10 to 15 percent at specific

impulse values of 2000-3000 seconds. With Lithium as propeUax_t, propulsive
efficiencies of the order of 30 to 40 percent were obtained at specific impulse
levels of the order of 4000 to 5000 seconds.

A tentative model of MPD arcjet operation with cesium was developed. !

According to this model the MPD arc jet is principally an electrothermal device

with the magnetic field serving in place of the conventional nozzle. Energy is
added to the propellant from the electric field in random form. Expansion of ,!

the propellant in the magnetic nozzle yields the high observed specific impulse
vaines. The model, though tentative, appears to explain certain qualitative

features of MPD arc jet operation which are not easily expl_aed otherwise.

During this period aJso, measurement8 were begun to determine the distri-
bution of the magnetic field and current density in the exhaust jet of the

i thrusters. The measurements were made asing Hall effect magnetic field -
I

i •

.,._..
.::
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probes to determine the magnetic field distribution, and the current density
distribution was determined from the measured magnetic field with the
aid o_ Maxwellts equations. The preliminary data obtained indicate that a
rather sizeable fraction of the total arc current flows outside the physical
confines of the engine and lends support to the "rx_gneticonozzle ts analysis
put forth during the fourth quarter.

The following papers were presented during the past year:

1. Experimental Performance of a High Specific Impulse Arc Jet
Engine b_ R. 11. John, S. Bennett, and J.F. Connors (AIAA Preprint
64-669), AIAA Fourth Electric Propulsion Conference, Philadelphia,
Pennsylvania, 31 August to I September 1964.

Z. Recent Advances in Electrothermal and Hybrid Electrothermal
Electromagnetic Propulsion, by 11.11. John, and S. Bennett, Fourth
Symposium on Advanced Propulsion Concepts, Palo Alto, California,
April 25 to Z8, 1965.

3. Cesium Fueled MPD Arc Jet Engine Performance, by S. Bennett
G. Enos, 11.11. John, and A. Tuchman (AIAA Preprint 65-296), AIAA
Second Annual Meeting, San Francisco, California, ?6 July to Z9 July
1965.

_..
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• H. MPD ARC3ET ENGINE

!

A. BACKGROUND

While arcjet engines and Hall acceleratocs have been under development at a
number of laboratoriesl, 2, 3 over the past five years, only within the past

two years has the specific imp_dse level of Z, 500 seconds been exceeded. The

acceleration mechanisms which .produce the greatly increased specific impulse

levels now attainable appear to be a combination of aerodynamic, self-magnetic,
and applied magnetic field effects. These mechanisms, in different proportions,

are now being used in the different laboratories to achieve specific impulse

values from 2,500 to 10,000 seconds, with major effort concentrated in the

3,000 to 5,000 second range. A basic geometry, illustrated in figure 1,
characterizes virtually all of the improved accelerators. The units are

cylindricaUy symmetrical, consisting of a central cathode surrounded by a

coaxial anode. A magnetic coil is mounted coaxially with the thrustor, with

the thrustor exit plane generally slightly downstream of the downstream edge
of the coil.

0 0 0 0 0 ],,....,,.--"ANODE

.... + 000,_ • _r "_

_ / _ Jr / =z

L CATHODE /
/------.- EXTERNAL

FIELDCOiL
S4-1OZiSS

F;gure 1 SCHEMATIC OF HIGH IMPULSEACCELERATOR
E.

_C
_..

Reference 4 discusses in some detail five basic thrust-producing mechanisms

which have been identified in the literature as being characteristic of plasma

generators of the type illustrated in figure 1. These are (1) aerodynamic

pressure forces; (2) magnetic pumping; (3) magnetic blowing; (4) aerodynamic
swirl induced by :-_PD forces; and (S) Hall current acceleration.

With the thrust r_sulting from mechanism (1) defined as Taeto and the thrust

from me.chanisms (Z) and (3) as Tsell, it is shown in reference 4 that ,.

-%

• ._"
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I Tsel f = Tpua_ + Tblow {2)where

J
i Tpemp= 5.1x 10-6 I2 131

t s_d
t

Tblow _ 1.02 x 10-5 12 /4+ [a 141

when the current enters the cathode uniformly a£ter leaving the anode as _.
ring, or

Tblow = 1,02 × I0-_ 12 ra 151

when the current distribution at the cathode is similar to the distribution at
the anode.

In equations (I) through (5),

Tae m = aerchlynamic thrust component, grams

Pc = chamber pressure, grams-£orce/cm Z
i

,_ = throat area, cm Z

• Tself = self MPD thrust, grams

_" Tpmnp= magnetic pumping thrust, grams
'._ °

Tblow= ra_gnetic blowing thrust, grams

I = arc current, amp

• -. ra = ouzer ra_iu6 o£ current distribution at anode, cm

//_.. rc = ouser radius of current distribution at cathode, cm.

-_.'.

"_;._:/. 4.:.2.._,
_-_. _ _,_._ .
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Tpump results from the interaction o£ the axial discharge current density, _z ,
with the self-induced magnetic field, B0 . Tblow results from the interaction
of the radial discharge current, j_ , with the seLf-induced magnetic field, B0.

Both Tpump and Tblow were ident_ied by Maecker 5.

The n_gnetic swirl mechanism, 4 is associated with the bulk rotation of

the gas and results from the interaction of the radial component of the current,

Jr ' with an axial component of the applied -nagnetic field, Bz , and from the

interaction of Jz with Bt. In order to produce use£ul thrust, the rota_onal
energy must be converted into axially directed kinetic energy by means of a

nozzle. This basic thrust mechanism has been described by, among others,
Hess, 6 Ellis8 and Powers and Patrick?.

Finally, the fifth thrust mechanism results from the interaction of an induced

azimuthal Hall current, j 0, with the applied magnetic field. The most likely

thrust-producing interaction is the body force given by j0B_ , but it is also
possible to achieve thrust from the pressure produced by J0 B_. These
mechanisms have been investigated by Hess7, Se_kel and I_eshotko 10, Cann 11, 1Z
Patrick and Powel, sl3, and Gourdinel4.

The tests performed during the early part of this contract period were made

with engines utilizing only a weak external magnetic field for arc rotation _nd
tested the first 3 of the 5 basic mechanisms (aerodynamic preFsure forces

and the two mechanisms associated with seLf_induced magnetic field effects)

since their existence is not dependent upon the presence of an external magnetic
field. The remaining two mechanisms which result from the interaction of

the discharge current with an externally produced magnetic field were explored

during the remainder of the contract period.

B. X-Z HIGH IMPULSE ENGINE

I. Engine Configuration

During the course of the third year of the 30-kw arc jet eugine program

• (Contract NAg 3-2593) a 50 to 250-kw liquid-cooled high specific impulse

engine was developed and designated as the X-Z design. A sketch of the _[_
X-Z engine design is given in figure Z. The cathode consists of a water- /
cooled copper rod with a tip of thoriated tungsten. The anode is water- i'!_

cooled copper. PropeUant is injected tangentially upstream of the "_-
cathode, swirls over the cathode tip and through the throat, and is ejected

immediately. There is no constrictor section in the X-2 design, and the

arc discharge between cathode tip and anode is not confined or constricted

over any appreciable length by a straight section. Moreover, the X-_
design need not include a conical exit nozzle. The nozzle exit plane is

very close to the throat (which is relatively large) and is joined to the
throat by a rounded contour.

-7- _
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The elimination of the constrictor section was prompted by a desire *o

operate an engine with very low mass flow rates. Experience with the
30-kw engines indicated that the anode attachment zone tends to be moved

upstream by reduction of the mass flow rate and that reduction below
some minimum value tended to move this attachment zone into *.he con-

stricted z egion resulting in heaw/ constrictor damage and eventual engine
failure. The desired use of low mass £ir,_v rates w_s also instrumental in

the decision to eJiminate (or severely tl_ncate) the nozzle since at lo:v

mass fiow rates and reduced operating pressures, viscous effects are
expected to become more important.

Shown as figures Za and Zb are two variations of the basic configuration

which have been tested. The anode of figure Zb (engine design X-_ is

a straight-through channel; that of figure 3 (engine design X-ZC) includes
a short supersonic nozzle section. The X-ZC engine was used for the

majority of the testing performed. For convenience, and comparison,

figure 3 shows a schematic of the X-ZC high impulse arcjet engine;
figures 4 and 5 show photographs of the X-2C engine in assembled and
disassembled views.

Z. Auxiliar}, h_netic Field

a. Weak Field

For the exploration o£ the thrust mechanisms arising from seif-

indue .'d field effects, an external field coil which produces a maxi-

mum axial field strength of 500 gauss was used. The coil consisted

of seven 9-inch diameter turns of water-cooled copper tubing, and
was separately excited by rectifiers independent of the main discharge

power supply. The coil has been mounted both on the test tank, and,
in a separate series of experiments, on the thrustor. In the first

case accelerating forces exerted by the magnet on the propellant
should not be _ensed _,_, the thrust stand, and in the second case these

forces, if they exist, should be sensed.

A map of the magnetic field produced by this coil i_ shown in figure _
6. Each arrow represents a measQred value of the magnetic field ,_

strength at a coil excitation current of IZ00 amp. The length of the _

arrow is proportional to the magnetic f_ld strength_ and its direction !_,
is that of the field at the point. The d.shed li_es of figure 6 have been

sketchedin using the measuredfieldvt_ues as guides. The field strength
has also been measured as a function o£ excitation current, and exhibits

linearity over the range of excitation current 300 ¢o 1500 amperes,

i.e., B(r,z) = k _ield •

J

-9- _"

1966003953-022



i
w /

L vz

!, /"

i

i

64-10147

_'iEure ZA CONFIG1UIt%.TI')NX2-A

: [l l
I.lO0 I.ISO I.QO0 _o500 3.000 B.tt2S

I. 098 I._HII 1.898 8.6?.,,.

i

t IIII

!
1 ,

,_ -

L t p +

-_-__

,,..

. -.2-

-_r t" S4- i014t
•:_. Figure 2B CONFIGURATION XZ-B
-__+-_

....-_:..,:.

+. - i -I0-
+ <" . - . _

.. +....

1966003953-023



-11- "_
" ._

.... __._.__
...... . . ., . _ . ... ,: ........ _ ......... : .......

1966003953-024



1966003953-025



-13-

1966003953-026



Figure6 MAGNETIC FIELDMAPFORA MAGNET CURRENTOF !_'x30AMPERES

t

: -14-

i

1966003953-027



The value of applied magnetic field strength did have an influence

on thrustor performauce, although this influence was small. Figure

7 shows ..measured X-ZC engine thrust as a f_mction of coil excitation

current at an engine current of 20N0 amp and a propellant nmss flow

rate of 0.050 gm/sec of hydrogen. For these measurements the coil
was mounted on the test tank, so that the improvement in thrust as
coil excitation current is increased is not a result of reaction force

on the magnet. It is possible that increased axial field strength

improves engine operation by moving the anode attachment _egion

downstream, increasing ra in equation (3} and thus enhancing Tb!ow .
Engine efficiencies were slightly higher with the coil mounted on the
engine, i_-licating that there is some reaction force on the magnet.

The difference between magnet-on-thrust-stand and magnet-on-tank
efficiency was, however, only of the order of the experimental

scatter. The magnetic nozzle model which will be detailed in a later
section may well account for both facts and discussion is therefore

postponed to a later section.

b. Strong Field

The thrust mechanisms arising from interactions of the current dis-

charge with externally produced magnetic fields were explored using

a field coil capable of producing a magnetic field strength of the order

of 3 kgauss. The magnetic field coil was wound around the body
of the engine with its axis coincident with the axis of the engine. The
coil had an inner diameter of 7 inches, an outer diameter of 17 inches,

and was 1-3/4 inches long. It consisted of 40 turns of 3�8-inch o. d.

copper tubing and was water-cooled. The center of the coil was ad-
justed to coincide with the cathode tip. The maximum _ial magnetic

field strength at the center of the coil was limited to about 3 kgauss

at a current of I800 amp by the heat generated in the coil. The

magnetic field strength was linearly dependent upon the current.

Figure 8 shows a mapping of the magnetic field. Each arrow re-

presents a measured value of magnetic field strength. Its length is
proportional to the field strength, and its direction is along the field

at the point. The measured va!ues have been used as guides to sketch
in the field lines--shown as dashes in figure 8. The co_I has been run

at currents from 300 to 1200 amp, corresponding to an axial magnetic _

field strength in the range O. S to 2.0 kgauss.

3. Test Systems

a. Environmental Tank

The X-2C MPD arc jet was tested in a cylindrical aluminum environ-
mental tank with a diameter of four feet and a length of six feet. The

-15- _
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tank walls are water-cooled to permit prolonged engine operation;

two water-cooled viewing ports on each side of the tank may be used
for visual or photographic inspection of tL_. engine and its exhaust

*" during operation. The amount of magnetic material within sad in the
immediat_ vicinity of the tank has been reduced to an absolute minimum.

'. Aluminum, copper, or nonmagnetic stainless steel have been used for
the fabrication of the thrust stand and its associated components, as

i well as for viewing port hinges, gas and liquid fittings, etc. A small

tare is the thrust measurement is produced oy a portion of the heat
exchanger which is located some six feet {tom the engine and is

fabric.uteri from magnetic material. The correction is of the order of

a few percent and is included in the reported values.

The prirr_ry system used to evacuate the tank is a 6000 ft3/min

capacity mechanical pumping system. An auxiliary 34,000 ft3/min
capacity pumping system may be used in parallel with this system.
The primary system alone is presently capable of maintaining the

ambient pressure in the environmental tank below 5 microns at

blankcff and at a level of 50-150 microns during engine operation.

• The first data obtained with the "" _C engine were taken at pressure

levels o£ the order of 300-500 microns since no effort had been expended

in order to reduce this back pressure. With increased understanding
of possible effects due to gas entrainment, the pressure levels were

reduced to those stated above. However, estimates of the tank pressures

required to eliminate gas entrainment showed that pressures of the order
of 0.1 to 1 micron were necessary in order to effectively simulate the

hard vacuum of space for h_D arcjet operation. This pressure level

requirement could be met only by the installation of a large number of
immense diffusion pumps sad was clearly ruled out.

The most promising technique for reducing the pressure level_ in th_
test chamber during operation and thereby reducing the potential

amount of entrained propellant is the use of easily condensable pro-
pellants in conjunction with cryogenic pumping. Tov_ards this end,

a 6-inch diffusion pump and an 18-inch diameter, liquid nitrcgen-
cooled baffle plate were installed. Blank-off pressures are main-

°- tained at between 10-5 and 3xi0-5 mm Hg by this combined system;

"-_" operating back pressures are maintained at approximately I/2xi0-4
:" to 10-4 mm Hg with alkali vapor propellants.

b. Instrumentation

The various test and measurement equipments which are used to

_ determine the performance characteristics of the X-2 engine are:

I} the thrust _tand, Z} temperature-measuring _hermocouples, 3}

current, voltage, and mass-flow meters, and .4) pressure gages.
These are more fully described below.

. -18-
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1 ) Thrust stand

The engine is suspended from a thrust stand which measures
thrust force directly. The thrust-stand displacement is sensed

by a linear differential transformer whose output is recorded on

a Sanborn type 1500 recorder. Calibration of the thrust stand in
units of force is accomplished by standard pulley and weight

techniques. The calibration is pen._rmed statically with the

engine off, as well as during engine operation and at all operating

values of magnet coil current. The _hrust level is generally
re.corded using a sensitivity of approximately 9 gin/ram on the

recorder chart for thrusts iN the range from 90-200 gin, and with

a correspondingly greater sensitivity for lower thrust levels.

Z) Thermocouples

In order to accurately determine the thermal efficiency of the

X-Z engineb the power d.issipated in heating of the anode and
cathode is nieasured by a standard calorimetric method. The

temperature rise of cooling water in the anode and cathode is

measured by differential iron-constantan therrnocouples and
recorded individually on a Sanborn re¢ order. The temperature
difference between water inlet and outlet is converted to heat

power from a knowledge of the rate-cf-_ater flow through the
electrodes.

3} Current, voltage, and mass flow

Both arc current and coil current are measured using precision

50-my shunt resistors and precision dc miUivoltmeters. The

arc voltage i_ measured with a precision dc voltmeter. The arc

current and arc voltage are also measured and recorded on the
Sanborn recorder to allow direct comparison with thrust and

anode-cathode power at any time. As an extra precaution, r_he

meter readings are hand-recorded as well.

The propellant mass flow is measured with Fisher-Porter

rotameter-type flowmeters. Coolant flow rates are measured

using standara liquid flowmeters.

4) i_ressure gages

Both engine chamber pressure and ambient tank pressure are
measured with precision Wallace and Tiernan vacuum gages.
The chamber pressure is measured with a 0-50 mm Hg gage

in parallel with a 0-800 mm Hg gage for use at high mass flows.
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_ The vent pressure gage has a range from 0-20 mm Hg. lank

_. pressures below about i mm Hg are measured with a Stoke_,• McLeod gage, and NRC alphatron, thermocouple, and/_r

_ ionization gages.

• c. Power
%

Electrical power to the X-ZC e_gine is supplied from either one or
both of a pair of 300-kw silicon diode rectifiers, or from a set of

4-40-kw selenium rectifiers for low power operation. The power for

the magnetic field coil is supplied from a pair of 40-kw selenium
rectifiers. Both the arc current and the magnetic field coil excitation

current are brought to the thrust-stand mounted engine through mercury

pots in the base of the test tank. The engine is etectrically isolated

from the thrust stand and the anode, cathode and magnetic field coil

are electrically isolated from each other as well as from the environ-
menta_ tank. The mercury in the mercury pots is covered by about

an inch o_ diffusion pump oil in order to permit low-pressure

_ operation.

C. X-2 ENGINE OPERATION WITH GASES

I. Weak External h_gnetic Field

a. Thrustor Performance

The X-ZC thrustor has been tested with varying input power levels

and propellant mass flow rates in the gases hydrogen, ammonia, and

argon. The thrustor chamber pressure is found to be a function of
mass fiow rate in each of the three gases, and to depend weakly upon
the thrustor current. As the current is increased at fixed maas flow

rate the chamber pressure at first rises slightly, and then falls off

after reaching a maximum value. The current level at which the
maximum is reached is depende::: u_on the mass flow rate and the

propellant type. The variatlor with current is slight compared to
the variation with mass flow rate. Figure 9 shows the measured

chamber pressure as a function of mass flow rate for each of the

three gases tested, l_easured pressure values for different thrustor

:_=( currents are combined on the same figure. For hydrogen in the mass
flow range 0.01 to 0.05 gram/see the chamber pressure varies

approximately in the range 5 to 25 mm Hg, for ammonia from 4 to 17

mm Hg, and for argon from 2 "o 13 mm Hg. The pressure is approxi-

mately linear with mass flow rate for all three gases. An analytical
comparison of chamber pressure values among the three gases for a

given mass flow rate depends upon information on the gas velocities
and temperatures within the accelerator which is no _. yet available.
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With the measured chamber pressures used as indicated in figure ?
along with the measured throat area, aerody_mic thrust can be
evaluated from equation (I) with the thrust coefficient set equal to

unity. Figures I0, II and 12 display, for hydrogen, ammonia, and

- argot,respectively, total measured thrust and aerodynamic thrust as

] a function of arc current. For hydrogen (figure 10) the pro_ellant

flow rate is 0.05 gram/see. The total thrust rises sharply with
incr¢:asing current, going from a value of approximately 70 grams at

an arc curl'ent of 1000 amp to a valt/e of approximately ZZ0 grams at

an arc current of ZS00 amp. Over the same curren _. range the aero-

dynamic thrust, calculated from equation (I) usinf= measured values of
chamber pressure, increases only from about _._ to 50 grams.

The same trends are apparent in figure 11 for an ammonia flow rate

of 0.03 gram/see. The total thrust again rises sharply with currp_._,

from slightly less than 50 grams at 1000 _mp to more than I_ grams
at ZS00 amp, while the aerodynamic thruvt is -_:.,Iv _.._nstant at

appr_ately Z5 grams over the entire current range.

For argon (figure IZ) the picture is not so clear. The total thrust

exceeds the aerodynamic thrust by a factor of approximately Z, but

the total thrust does not rise significantly as the current i8 r_sed
£rom 1500 amp to 2000 amp. More data are required to determine if

this behavior is standard for argon, or if one or more o£ the data

points plotted in figure 12 is in error.

It is of interest to plot the portion of the total thrust which does not

come from aerodynamic pressure forces, Tself • where

as a function of current. This has been done for hydrogen, ammonia,

and argon, r_.spectively• in figures 13• 14, and 15. The plots are
logarithmic, so that apparent li_earity corresponds to the relation

_,: where I ..s the current _u amp a_d the exponent a is given by the slope

_ of the line. Both the pumping and blowing mechanisms described

_ previously depend on the square of the current, so that if no other
effects are present one should expect to find a = 2.

_. _ Figure 13 displays Tself obtained ._rom equation (6) as a function of

"< current in the current range 1000 to 2500 amp. Data for differeut

-_ hydrogen mass flows _angirig from 0. 013 to 0.050 gram/sec have

_D be_------------------_nused. There is apparently no effect of mass flow rate upon the
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magnetoptasmadynamic thrust in the mass flow range investigated.
I

This appears to be true within experimental uncertainties for ammonia

and for argon as well (from inspection of figures 14 and 15) although

not enough data points have been obtained with these gases to reduce

the experimental scatter. Returning to figure 13, the apparent slope
of the experimental points is 1.63, not far from the value of Z given

by the simple theory.

The ammonia data of figure 14, for flow rates of 0.015 to 0.06 gram/

sec give similar results, although the scatter is more severe. Again

Tselfis insensitive to mass flow rate, and increases with a power of
the current equal to about 1.60.

For argon (figure 15) there is again the indication that Tself is "insen-
sitive to mass flow rate over the range 0.03?- to 0.11 gram/see. The

apparent slope of figure 15 is I. 35, different from the slopes obtained
for hydrogen and ammonia, and departing more strongly from the

simple theoretical value of Z. Again, more data are required to sub-

stantiate these preliminary results with argon, or to change them.

Figure 16 is a summary plot of the information contained in figures

13, 14 and 15 for hydrogen, ammonia, and argon. Tself is plotted
versus current. The similarity of the results for hydrogen and

ammonia is marked, as is the difference between these gases and

argon. For reference, the magnetic pumping thrust (1/ZI Z ) is
plotted on the same curve, to indicate the relative importance of this

term and the blowing term in making up the total MPD "thrust, and to
indicate the theoretical slope of Z.

b. Thrustor Diagnostics

The principal diagnostic activity carried out at low applied magnetic
field strengths has been to attempt to separRte _e pumping and blowing

contributions to the MPD thrust, and thereby to verify the model of

arc operation which includes the first three of the thrust mechanisms
proposed in section H.A. The method which ,vas employed is based

upon measuren _'_t of the static pressure at the cathode tip.

The thrust _hich is produced by the pumping mechanism is given for
a uniform current distribution or for a cylindrical current sheet by "
the relation

Tpu=p = I/2 12

in electromagnetic units. This thrust is delivered to the engine in
the form of pressure forces exerted upon the surface of the cathode

tip, such that
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Tpump _ ]A Pcathode dAcathode (8)

I

cohere APcathod e is the excess pressure on the cathode owing to the
magnetic pinch on the current. If the approximation is made that

APcathod e is constant over the effective area of the cathode within the
limits of the current distribution (equivalent to assuming that the

current leave_ the cathode tip in a cylindrical sheet), then the integral

of equation (8) can be replaced simply by

Tpump = (APcathode) (Acathode) (9)

Substituting for Tp/_p from equation (3), and solving for _cathode gives:

Acathod e = 1/2 I2/APcathod e . (10)

Therefore, a measurement of the current and the overpressure at

the cathode tip gives an estimate of Acathode and hence of rc in

equation (5). Now, with the assumption that ra is equal to the throat

radius of the engine, Tblow can be evaluated from equation (5), and

the sum Taero + Tpum_ + Tblow can be formed and compared with the
"experltnentally measured thrust.

To make the required measurements of cathode overpressure a
cathode was made with a 2.3-mm-diameter hole bored on its axis

and inserted in the X-2C engine. In experiments performed with

this modified cathode, measurements were made of arc voltage, arc
current, propellant mass flow rate, thrust, chamber pressure, and

cathode tip pressure. The ambient tank pressure was maintained

below 1 mm Hg. It was observed that engine performance was not so

good with the modified cathode as with a regular cathode, but
sufficiently large MPD thrusts were obtained to make this diagnostic

experiment useful. (See table A-4 of appendix A. )

Figure 17 shows measured cathode tip overpressure (i. e., the excess
of cathode tip pressure over chamber pressure) as a function of

current and hydrogen mass flow rate. Also shown m: the figure are
/

the results reported by Ducati 1, et al, as well as r_uch earlier work .... ,

by Maecker 5 in a high current carbon arc at atmospheric ambient :.
pressure. The dependence of cathode tip overpressure on current

is seen in figure 17 tq be abel.+ _he same for all the dat_; the agree-
ment in absolute value is somewhat fortuitous, and apparently

indicates that cathode spot sizes are nearly the same in all three

experiments.
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The area over which this cathode overpressure must act is now
#

._terrnined from equation (I0), which, as has been pointed out
earlier, is equivalent to assuming that the current leaves the cathode
tip in a cylindrical sheet. Now, setting

Acathode = _rc2

an estimate for rc can be obtained. Equation (5) can now bc _sed to
evaluate the contribution of the magnetic blowing term to th_ _otal
thrust. Figure 18 shows the results of calculations made for currents
of 1000, 1500, 2000, and Z500 amp. For each curre._t "the appropriate
cathode overpressure is determined from figure 17 and the effective
cathode _rea from equation (10). The radius ratio is then deter._nined

using the throat radius as ra , and the blowing and pin:h t_.rms are

evaluated to give Tself obtained by subtracting Tae,v from the total
measured thrust. Also shown on figure I8 is a theoretical line
obtained from an .'Analysis with a different assumption about the current
distribution at the cathode, namely, that the current is uniformly
distributed in an annulus at the cathode, the inner radius of the

annulus being the radius o__ the pressure *.ap orifice. This alu_lysis
is m_thematically more complicated, and is given in detail in appendix

B. The values of Tself obtained with this current distribntion are
somewhat smaller than those obtained from the cylindrical current
sheet assumption, but the total change is only of the order of 5 grams
thrust.

The agreement between experiment and theory indicated in figure 18
is reasonably good, although far from perfect. With consideration
for the fact that the analyses are affected in some degree by the
assumptions which have been rhode (that the thrust coefficient is
precisely 1, that the current all enters the anode at the throat, that
the device is characterized by complete azimuthal rymmetry, etc. ),
the degree of correlation between the theory and experiment is
encouraging.

c. Thrustor Electrical Characr.eristics

Figure 19 shows _he measured thrustor voltage as a function of
current for a mass flow rate of approximately 0.03 gram/sec in the
three _a_es hydrogen, ammonia, and argon. Over the range of current
for which meaLmrements have been made the applied voltage is
relatively insensitive to current, ri_ing slightly for each propellant
as the current is increased from 100,9 to 2000 amp. TLe voltage in

hydrogen (approximately 65 volts) is sigzAflcantly larger than in the
other two gases, while ammonia and argon are fairly close to one
another, at 35 to 25 volts, respectively. At a given current level the
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voltage determines the input power, which is divided into power lost

i to engine cooling, power invested in propellant static enghalpy, and
power invested in propellant acceleration. The higher voltage in

" hydrogen at this mass flow rate may be d_.e to a higher investment

in propellant static enthalpy, particularly in ionization. At higher
mass flow rates the investment in propellant enthalpy rises, while
the thrust power falls; at lower mass flow rates the reverse holds.

As a result, the voltage tends to be insensitive to mass flow rate for

a given propellant, within the ranges of current and mass flow rate
which have been investigated.

d. Thrustor Propulsion Characteristics

The overall efficiency of the X-ZC high impulse thrustor is shown

for hydrogen, ammonia, and argon in figures LO, ZI, and 2Z,

respectively, as a function of propellant specific impulse.

The prope -llant specific impulse and overall efficiency are defined by
the relations

Isp = T/_ (11)

Pd_s¢ = 4.8 x 10-5 T2/& = 4.8 x 10-5 T Isp (12)

Eft = Pd_sc/Pin (1_)

where lsp is the propeuant specific impulse in seconds, T the thrust
in grams force, ,_ the propellant mass flow rate in gramlsec, and

Eft the overall electric to propulsive efficiency expressed as a

fraction of unity, Pdm_ the thrust power in kilowatts, and P|n the
input power in kilowatts. Strictly, Pin should contain a quantity to
account for the incoming propellant enthalpy (the propollant is injected

at approximately room temperature) but this correction is small for

the final entlw.lpies associated with the X-ZC *hrustor, and h_s been

neglected. Hence Pin is given by 10 -3 V I, where V and I are the arc

voltage and current in volts and amperes.

_-. .:

.:... With reference to iigure 20, over the input power _a_ge of 75 to Z50
_::_:._= kw, and for mass flows between 0.01 and 0.05 gramlsec of hydrogen,

_"__.:__. the efficiency is approximately Linearly related to specific i;_pulse,
:_ increasing from about I0 percent a_ Z000 seconds to about 60 percent

._: at 13,000 seconds. Also shown in figure 2'; are data reported by
: Ducati I, which exhibit similar behavior. Lt should be noted that the
: data exhibit considerable scatter" it is not known at this time if the

:_ scatter reflects slightly different operating modes from one e._ine

"-/_. test to the next, or if it is simply an indication that the random

_- -36-
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_' _xperimental errors are of this order. More effort at duplication of
these measurements should resolve th_s question.

For ammonia in the mass flow range 0.015 to 0.06 gram/sec, and the
power range 35-100 kw, the overall efficiency is sl_.ghtly higher than

for hydrogen. This is indicated in figure 21 where th_ ammonia data

and a line repre._enting the hydrogen data of figurc 20 are both plotted.

It should be expected that the efficiency would be higher with ammonia

i in the specific impulse range from 2000 to 6000 seconds, owing to
, frozen flow considerations to be discussed later in this report, but

the argon data of figure 22 are in contradiction of this effect. In
figure 22 the data for argon obtair. _d at mass slow rates of 0. 025

to 0.10 gram/sec, and in the power range of 50 to 60 kw are plotted

along with the line representing the hydrogen results. The argon data

fall on the hydrogen line, while the frozen flow efficiency of argon

should be much superior to that of hydrogen around Z000 seconds.

Again it is pointed out that the argon data are preliminar 7 _nd consist

• of only a few points. More measurements are required to firmly

establish the efficiency-specific impulse curves for all three gases,
but particularly for ammonia and argon.

When the hydrogen data of figure Z0 are useditis possible to develop
estimates of the important Fower loss mechanisms. These are

indicated in figure 23 which again displays efficiency as a function of
specific impulse. Partial efficiencies are defined as

gin: = Power':o pmpeUant/iaput power (14)

_ozea = Power n_ in dissociation a_i ioniza_oa/powet to peopeHaat (15)

ceq,_slon = Thms¢ _we_Ipower not in dissociation a_l ioaizarioo (16)

eoveral1 = eatc efroze,., ee:q)ansioa (17)

The arc efficiency can be evaluated as the ratio of the difference of

input power and power in the coolant to input power. These are all

_. measured quantities, and these values are plotted on figure 23, along
with the measured overall efficiency. The frozen flow efficiency

_ f c_a now be estimated based upon the gas stagnation enthalpy, if
_,..o

_:.: thermal equilibrium is assumed. ActuaUy, a portion of the input
: power is translated directly into thrust power without passing through

_- a thermal stage, and it is therefore likely that this estimate of the

_ frozen flow loss is pcssirr_stic, although it _s thought to be not
" sly_- gros 80.

\
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Finally, by using equation (17), the expansion efficiency can be
calculated. The interesting feature of the result of this calculation

is that the expansion efficiency appears to level off at a value of

about 64 percent for the specific impulse range beyond 5000 seconds.
It apr_ "zs from this _.reliminary analysis of the propulsive efficiency

that the best immediate hope of increasing the efficiency may lie,

therefore, in reducing the frozen flow losses and in increasing the

arc heater efficiency (by use of radiation cooling, for example) rather

by concentrating efforts cn increasing the expansion efficiency.

Figures Z4 a_:d Z5 display the calculated hydrogen enthalpy and tem-

perature, respectively, as _, function of specific impulse. The total

enthalpy in figure 24 is obtained from

- _-c Pi,/_ {18)

where _ is the total entha_py in erg/gram, and where 1 _ is equi-

valent to 1010 erg/sec. The total enthalpy, ht , in turn is related to

the static enthalpy, hs , by

h_ = ht-_/2_2 (19}

. where u is the propellant exit velocity _ cm/sec (= 980 lap ). The
static enthalpy as a function of specific impulse has been calculated

from equation (19), and is plotted as the dashed line in figure 74.

The static entha]py is seen to level off at about 6000 seco:._ds, while
the incre._se in total enthalpy comes almost entirely from the 1/2 u2

term. Figure 25 has been obtained from the data of figure 24 by

employing the assumption of thermal equilibrium to convert the

i entha_pies to ter.lperatures. Total temperatures of a very high order

are obtained, exceeding 105 °K at a specific impulse value of only
' 8000 seconds. However, the static temperature levels off at about

; 40,000 °K, and further increases in the total temperature come from
increased directed velocity rather than increased random velocity.!

il
r

:. The frozen flow efficiency can be computed once the enthalpy is
specified, but there is an ambiguity as to whether the stagnation or

: static enthalpies should be used in making the calculation. _'],ie will

_ actually depend somewhat upon the detailed mechanisms of energy
..... addition to the gas, which are not yet _ell understood. Therefore,

_.: figure 26 shows the frozen flow efficiency calculated in each way, as
a function of specific impulse, and based upon the division between

static and kinetic enthalpy of figure 24. The definitions of the frozen

"_ " flow efficiencies plotted in figure Z6 are as follows:

_,-:. -4 7. .

'_%,:_.__ .s ;
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ht - (Ediss (hs) + Eion (bs))/[n

_o;_ea _hs = ht

where efro_, n , _ is the frozen flow efficiency based on the total

enthalpy, he , and Edlss (b t ) and Eio u (_) are the powers associated
with dissociation and ionization, respectively, _t the enthaipy level

i given by h ; alternatively, _. ,- is the frozen flow _._ficiency
t - . -n'o2:_ I1$.

: based on the static enthalpy, hs , and Ediss (hs) and _ (hs) ar_ th(:
" powers associated with dissociation and ionization, respectively, at

the enthalpy level given by hs.

The frozen flow efficiency based upon static enthalpy is always higher
ths_ that based on stagnation enthalpy at a given specific impulse, but

| the difference is small for values of specific impulse in excess of

6000 seconds where/_th frozen flow efficiencies are in excess of• 0.6. However, at 2__00 seconds the difference is appreciable, the

frozen flow efficiency being 0.45 based on static enthalpy and 0.30based on total enthalp,/.
i
i The desire far a higher frozen flow efficiency motivates an e:_amir.ation

of heavier molecular weight gases than hydrogen. Figure 27 shows

an approximation efficiency argon, lithium,of the frozen flow for

ammonia, and hydrogen as a function of specific impulse. These have
been calculated with the assumption that dissociation of molecules

into atoms is complete, and _,_at 6ach atom is singly ionized, inde-

pendent of eh_ specific irnpulse level. These assumptions allow the

calcuia_ions to be made most si.-nply, but they are probably unrealistic

atlow values of specific impulse (order of Z000 seconds) and again

at higher _pecific impulse for the heavier propell_nts. At the low
specific impulse levels the ionization is quite probably not complete,

while at the very high levels it is likely that multiple ionization of

some of the propellants becomes important. The degree of multiple
ionization will depend first on whether thermal equilibrium is esta-

blished, and if not then on whether the ionizatlon level is established

at a value appropriate to the static enthall_/or to the stagnation

enthalpy, or to some intermediate value.

If the curves of figure 27 are accepted in general as guidelines, with
_ the realization that the absolute _ccuracies are doubtful, then it is
: still clear that the frozen flow situation improves in general as the
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: molecular weight is increased. Infact, with lithium, the frozen flo_

_ficiencies are quite high although the molecular weigh_ is only 7,
owing to the very few first ionization potential. However, it must be

pointed out that the indications o._ figure Z7 are that argon should be

greatly superior to ammonia, while J.v .r=cL fl_.is _has not proved to be
the case in the laboratory.

An investigation was made of the possibilit_l that the relatively poor
propulsion performance with argon was due to the fact that much high-

er levels of ionization than the first may be present.

Ionization up to four tinges was considered. Even with this level of

ionization the frozen flow efficiency of argon is superior to that of hy_e-
gen, and it is also superior to ammonia if the latter is dissociated into

nitrogen and hydrogen atoms, followed by ionization of the hydrogen and
single ionization of the nitrogen atoms. It seems unlikely that argon

atoms would be four times ionized without at least single ionization of

hydrogen and nitrogen. Therefore, it has been tentatively concluded
that the failure of argon to yield improved propulsion efficiency over

hydrogen or ammonia is probably due to causes other than multiple ioni-
_-ation.

Z. Strong External h_gnetic Field

a. Thrustor Electrical Characteristics

An investigation has been made of the voltage- current characteristics

of the X-_C MPD arcje +. oriented in hydrogen and in anunonia. The

varla1:.les were arc current, applied magnetic field strength, and pro-
peLi_ntflowrate. For all of these tests the ambient tank pressure was

in the range Z00 to 500 microns. Power wa supplied to the engine

from a silicon diode rectifier with a 300-kw capability.

Figure Z8 shows_ for hydrogen mass flow rates of 0.0Z and 0.05
.qrn/sec, the measured X-ZC voltage as a function of arc current. The

magnetic field strength is I000 or Z000 gauss. (The magnetic field is

characterized for discussion by t_e maxirnun_ value of the axial compon-

ent_ which is found at the cathode tip. ) In the current range shown, the

_ voltage-current slopes are near _-ero. There is some experimental
evidence that at lower current values the slopes are negative. At a

given cu'-rent in the range 500-1600 amp the voltage level increases

wi_ n_.gnetic field strength and mass flow rate.

Figure Z9 is a plot of the voltage-current characteristics for ammonia

• at mass flow rates of 0,029 and 0. 058 gin/see, again for magnetic

".'_,, field strengths of 1000 and Z000 gauss, Compared with the data for
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hydrogen, the ammenia voltages ale significantly lower; however, e
they show the same general lack _f. sensitivity of the voltage to current

level, and the same tendency for voltage to increase with magnetic field
and mass flow rate at a given current.

For all of the hydrogen data summarized in figure Z8, the volta, ge spread

is approximately 80 • Z0 volts, For the ammonia data of figure Z_ the

spread is in the range 46 ± 8 volts, so that not only is the voltage gener-
ally lower in ammonia, but the sensitivity of the voltage to variation of

mass flow rate and magnetic field is also lower.

In figure 30 voltage is plotted against n_agnetic field s_,r_ngth for both

hydrogen and ammonia, Data are corr,bined for different mass flow

rates and currents, thus contributing _,o the scatter in the figure. There
appears, however, to be a tendenc ° with both propellants for the volt-

age to rise with magnetic field strength at a rate sufficient to be appar-
ent even with the experimental scatter.

The data of figure 30 can be fit by relations of the form

V = Vo * kB (20)

where v o and k are unknown constants. V is the measured voltage and
B the applie_ _. magnetic field strength.

Patr.".ck and Schnelderman 15 have proposed a theoretical justification

for t, relation of this form. A paraphrase of the discussion of reference

15 e.uggests that the voltage for the device is established in that geo-
metrical region where the initial ionization occurs. By equating the

re, do E/B in this region to the critical velocity for the propellant, uc ,
tl,.e relation

V = Vo+UcBl (21)

iS obtained, where uc is the critical velocity (that velocity _or a molecale
at which the kinetic energy, I/2 mv _, is equal to the energy required
to dissociate the molecule and ionize the c._nstituent atoms to the first

level) and /. is an unknown length related to some geometrical feature

of the plasma genera'_or. Data obtained with hydrogen, argon, and

nitrogen were correlated with this formula in reference 15, and Vo
selected for each propeL1ant_ but with a constant value of I , the length.

In the plasma generator of Part ick and Schneiderman, this length was
taken as one centimete", which is characteristic of the radial separa-

tion of the discharge region of attachment at the anode from the cathode
tip.
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The critical velocity, uc , is 5.6 x 104 m/sec for hydrogen and 2.6 x 104
m/sec for a:nmonia. Selection of v = 40 volts for hydrogen, to agree

o j

with reference 15, led to a choice of l = 5ram to fit the i.ydrogen dat_;

the line drawn through the hydrogen data in figure 30 corresponds to this
choice for l. With ! fixed at S ram, the slope for the ammonia data is

fixed, and the best-fit line of fl_is slope is drawn on figure _0.

Inspection of the fit obtainable in this way, especially for the ammonia
data, indicates t_t agreeme:lt with the first order theory is less satis-
factory for these data than for those of reference 15; however, the

theory does predict a lower slope for ammonia, which is ob_ _.rved, and

further, it is plausible that the _lue of I applicaMe to the X-ZC MPD

arcjet should be smaller than tt_t _-eported in reference 15, since the

geometry employed there is more open, while the X-2C MPD archer
geometry em._'oys a throat downstream of the cathode. Hence, it is

quite possibl_ that the theory is an acceptable first-order ct_racteriza-

_ion of variation of voltage with magnetic field in axisymmetric MPD
arc jet devices.

Figure 31 is a plot of measured X-2C thrust as a function of arc current

for a fixed st:'_.g field {the applied magnetic field is approximately
Z000 g_.uss, ariz.1., maximum), and hydrogen mass Flow rate (0.03 grn/

see). As the arc current is varied from 600 to 1600 amp, the thrust

rises from 80 to 260 grams. Over this same current range, Taero
varies from 32 to 40 grams. If one uses equations (2), (3), and (4) for

Tee N , and the values reported earlier for r c , a curve to represen_

Tself can be calculated and drawn. This is indicated in figure 31.
However, the sum of T and T .. varies only between 40 and 95

ae1"o . S_/_

grams over the current range 600 to 1600 amp, leaving *.he larger
portion of the thrust unaccounted for. This excess of the thrust, the
difference between the total measured thrust and the thrust which can

be accounted for by the sum of Taero and Tself , is thought to be as-
sociated with the interaction with the strong applied magnetic field.

We denote this extra thrust, for convenience, as THsll, although it is
by no means certain that a Hall effect is actually the thrust producing
me chanism.

It is not clear on _ grounds what the dependence of Hall thrust
should be on an applied current and magnetic field, although it is anti-

ct[_!¢d that both parameters should be important in determining the

magnitude of thrust, If the Hall current magnitude were proportional

to (o_r)e and hence to B, it would be expected tl_t the thrust would
vary roughly as ! B2;I and one power of B establish the Hall current

magnitude, while another power of B is involved in determining the
jxB force resulting. However, this assumes that the volume of inter-

action is independent of B (the thrust is a volume integral of jxB) and
this need not be so,
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Hess 18 offers experimental evidence that in the ra.,ge of currents,

mass flow rates, a_d magnetic fields applicable to these experiments,

the Hail current magnitude is relatively insensitive to B. If this were

the case for the X-2C engine operation, the Hall thrust would become

a linear function of I x B, assuming again tl_t tLe volume over which
the inter¢ction takes place is not B-dependent.

In iigure 32 the Hail thrust, defined as

rHau = TTo_I- T._,o- r_ _ZZ)

is plotted ve_'sus the product IB, where I is the total arc current and

B is the axial field strength at the cathode t_.p. I varies from 600 to

I600 amperes and B from I to Z kguaas. Data for hydrogen mass flow
rates of 0. 0Z and 0. 03 gin/see are included on the same figure. AI-

though there is experimental _catter, the correlation is fairly good.

THa I. goes to zero for null values of the product IB and reaches ap-t
proximately 160 grams at the peak IB value.

•Figures 33 and 34 are drawn for X-ZC operation with ammoniz. In

figure 33 overall thrust is plotted against arc current for applied

magnetic field strength of approximately Z000 gauss, axial, at the
cathode tip, The ammonia mass flow rata is 0. 029 gin/see, and the

arc current varies from 600 to 1600 amperes. As in the case of
figure 31 for the hydrogen da_a, the aerodynamic and self thrusts

have been estimated and plotted on figure 33. The difference bet_veen

the total meas _red thrust and that which can be accounted for by aero-
dynamic and self magnetic mechanisms alone is a_signed, _entatively,
to the Hall effect.

In figure 34 the Hall thrust deduced in this _ay_ THa u _ is plotted
against the product of arc current and peak applied axial magnetic

fi_ :d strength. The correlation of THall with IB is less satisfactory

for an_rr, onia (fgure 34) than for hydrogen (figure 3Z). Perhaps more

important, the magnitude of THau is smaller in ammoD'_a than in

hydrogen at each value of IB ; at the higher values of II_ by a factor of ._
3 to 4. Hence, it appear_ that tl:e applied magnetic field plays a smaller _

role in acceleration of ammonia than in acceleratim_ o._ hydrogen. It . ...
has indeed already been noted that the arc voltage in ammonia is less !_
sensitive to magnetic field than the arc voltage in hydrogen.

c. Thrustor Thermal Efficiency

In this section, data are presented which determine the "thermal"

efficiency of the" X-2C MPD arcjet° By thermal o_ arc efficiency is -.-

meant the quantity _,:"

-SS- :"
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Figure ,?,3 PLASMA GENERATOR THRUST VERSUS ARC CURRENT (AMMONIA)
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Power to gas

_afc _OW,_i" ¢o ate a

where the power i_-'F'._t is taken as the product of applied voltage and
arc current without correction fcr the incoming gas enthalpy. For
the enthalpy levels associated with the X-ZC MPD arcjet this correc-
tion is negligible. (Actu_Ily, much of the power input t_ the engine
is in the form of. directed kinetic energy without p_ssing through a
thermal stage, bu •. the term "thermal efficiency" is taken over from

the usual arc hea_.er terminology .) The heater efficiency is deter-
mined by measuring the power lost to the anode and cathode water
cooling circuits, according to equation 23a.

Pcool % Cp,w AT_
%c = I = I - (23a'.,

Pin VI

where _hw , Cp,.w and ATw are the mass flow rate, specific heat, and
temperature rlse, respectively, of the coolant water.

In p_ractice, the cathode heat loss is small under all conditions of
X-ZC ,_PD arcjet operation, varying between approximately 0. 5 and
2 kw as a function of current and mass flow rate. The anode hea _-

loss, on the other hand, is in general substantial.

In figure 35 Pcool in kilowatts is plotted as a function of curreut for
a number of test runs of the X-ZC MPD arcjet. The tests were
made in hydrogen at n-_ss flow rates of 0. 02 and 0.05 gm/sec, and
with applied magnetic field strengths varying from 500 to 2000
gauss. .r_ta poiz,ts corresponding to the mass flow rate of 0. 02 gin/
sec are indicated by open circles, xvhile those for the 0. 05 gm/sec
flow rate are represented by crosses. In addition to these points
are plotted several reported by Cann 16 and by Ducatil7; the data of
reference 16 were obtained at a hydrogen flow rate of 0. 02 gm/sec,
while those of reference 17 correspond to a hydrogen flow rate of
0, 025 gm/sec.

Several features are clear from Inspection of figure 35. First, the
correlation of Pcool with current is fairly good; the data points
corresponding to different mass flow rates and to different magnetic .
field strengths exhibit relatively little scatter. Second, the data
reported by Cann I6 and by Ducati 17 also correlate reasonably well
with those measured at this laboratory, although there are differences
in the DiPD arcjet geometry and magnetic field configuration among
the devices employed at the three laboratories. Finally, these data
can be represente( reasonably well over most of the current range
by a straight line o_ slope equal to unity, which is consistev.t with a
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constant voltage drop at the electrodes representing most of the "zeating.

At the highest currents Pcool tends to fall away from this line, but I

within about 30 percent the data for currents ranging from 100 to 3000

amp can be accounted for by a constant voltage drop of about Z6 volts.

In contrast, the sensitivil T of the anode and cathode heat transfer to

mass flow rate seems very slight.

The line drawn on figure 35 is simply a smooth curve fitted by inspec-

tion to the data. This sz.me smooth curve is repeated on figure 36,

where Pcoo! is plotted as a function of current for X-ZC operation with
ammonia as the propellant. The ammoJ_ia mass ftow rates represented

in f_gure 36 are 0.629 and 0. 058 gm/sec compared with the hydrogen
flow rate : of 0. 02 and 0o 05 gm/sec of figure 35° The .magnetic field

variation for the data of figure 36 is again 500 to 2300 gauss. Inspec-

"._on of figure 36 reveals that the data are fitted remarkably well by the

_.ine drawn to represent the hydrogen data of figure 35; therefore, the
major fe._tures of the electrode heating in hydrogen operation arc ap-

plicable a:.so to operation in ammonia. Again, sensitivity to mass

flow rate cf propellant is slight for the two mass flow r_tes l_lotted'in

figu/, e 36.
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Figure 36 POWERTO COOLING VERSUSARC CURRENT (A_ONtA)
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The success in fitting heat transfer data for both hydrog_,_ and ammonia

w-_,. a single curve motivates examination of data which have been

_i obtained in other gases as well. Figures 37, 38, and 39 are curves
analogous to figures 35 and 36, and are drawn for helium, nitrogen,

and argon. In each case the smooth curve is the one which was fitted

to the hydrogen data of figure 35.

In figure 37, data are presented for helium mass flows of 0.014 an_
0.058 gin/see; only a single magnetic field strength of 500 _auss was

employed. The scatter of the_e few data points is more severe, and

it is not at all certain that the quantitative trend of Pcool with current
is precisely the same as for hydrogen. F_rther,there appears to be a

systematic but smazl dependence upon mass flow rate. S_ilI, the
hydrogen curve fits the data tolerably within the accuracy with which the
helium trend can be estimated.

Figure 38, for nitrogen, can be commented upon in much the samez

_ way. There is some apparent dependence upon mass flow rate between
flow rates of 0.018 and 0.055 gm/sec, but very little difference betweenf

0. 055 and 0.09 gnu/see. For the few data points which are available,

the hydrogen curve provides a tolerable fit.

s ._inally, argon also seems to fit this general heat transfer characteristic,

as indicated by figure 39. For argon there is little systematic depend-
ence of heat transfer on mass flow rate between 0. 044 and 0.088

grn/sec. The hydrogen curve is again a tolerable fit.

Several conclusions may be tentatively reached on the basis of the data

of figures 35 through 39. These are:

1) Electrode heat transfer rates are most sensitive to cur_.ent

among the parametexs which have been varied.

Z) Electrode heat transfer is much less sensitive to accelerator

configuration (e. g., the agreement between values obtained at

this laboratory and those of references 16 and 17), magnetic field
strength, propellant mass flow rate and propellant type. Further,

since different propellants have widely varying characteristic
voltages (see, for example, figure 30)_ operation at a given current

in two different propellants implies operation at different input

power levels; therefore, electrode heat transfer is sensitive neither
to mass flow rate nor to input power, and so it is insensitive, over

the ranges plotted, to enthalpy.

3) The electrode heat transfer can be represented fairly well by

, a constant electrode voltage drop of approximately 26 volts.
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4) On the basis of conclusions 1) through 3} it would appear
that convection is not a domirmnt process in transferrii, g heat to

the electrodes. Rather, some effect involving plasma sheaths and

the electrode fall zones seems to be much more important.

With this understandh_g of the absolute magnitude of the electrode

power losses in the X-ZC MPD arcjet, the thermal efficiency data are

readily explaine_l. Figure 40 shown, for hydrogen, thermal efficiency
as a function of applied magnetic field strength. Ma_.s flows of 0.0Z

and 0.05 gin/see were used, with arc currents of 500, 600, 1000, and

1600 amp. The solid symbols represent data obtained for the higher

mass flow, and the dashed curves are drawn thro,_gb these syrnbols.

In general, based on figure 40, the thermal ef/ic!ency increases with

current and magnetic field st%ength for the higher mass flow rate, and

shows very little systematic variation with either current or magnetic
field strength at the lower mass f!o'_ ,',t_;. h_ the range of parameters

where the best propulsion perforrc_nce h_s bee_ obtained (high current,
high magnetic field strengthj the thelmal efficiency varies between 65

and 75 percent, l_e£erx'ing fo figu,-e 28, it can be seen that the arc

voltage shows only a sligl ._ depends:Ice on current and on :.._agnetic
field strength at the 0.0 ->.gin/see mass flow rate, while it i:::reases

with magnetic field sLren_h at the 0.05 gin/see mass flow r._e. Since
the cooling power losses are essentially fixed by the arc c._.._ _.nt

according to figure 35. ' thermal, efficiency is determineC .-'_sentially
by the arc voltage.

• Figure 41 is drawn for __:monza and again plots thermal _ :" ,_:ency versus
applied magnetic field st.-'eng_h for mass flow rates of 0. ': :": _n_l 0. 058

: grr,/sec and arc currents L:__ _0( _, 1000, and 1400 ainu. _ :: _ :,e i_3 some

! apparent tendency for the _herrvla __efficiency to ris_ ,-.! _..; .-urrent and
: magnetic field strength, and, at the h_gher c:.'rren_..:. • _.h mass flow

rate. At the higher values of curre_At and maguet_ . J "._ strength,
thermal efficiencies in the range 35 to 50 percent c _.vacterize the data.

Thus, the thermal efficiencies for ammonia are.. u,_der similar condi-

tions, on the order of .two-thirds of the thermal e_.ficiencies in hydrogen,

Referring _gain to figure 30, the same statement can be used to describe

the operating voltage. The implications for overall propulsive efficiency

are examined in the following section.

d, Overall Efficievcy

The overall propulsive efficiency is defined as the ratio of thrust power

to input power:

4.8 x 10 -3 T2 4_ x 10-3 TIsp

- e° " _ Pin _,, (_3)
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where - is the eve'-all propulsive efficiency expressed ino

percent. T is the total thrust ingrains. _a the propellant mass flow

rate in gm/sec, and Isp **he specific in, pulse in seconds. Pin. the
input po-_-er, is taken as 10 -3 I V in kilowatts.

Figures 42 and 43 show. for hydrogen and for ammonia, the overall
eeficiency as a function of specific impulse.

Each figure includes d_ta taken over a wide range of conditions; in

figure 42, for hydrogzn, the arc current varies approximately by a
factor o_¢ 5 between 300 and 1_00 amperes, the applied maenetic field

by a factor of nearly 3 between 0. 75 and 2 kg.a_ss, ".he propellant

mass t_ow rate by a factor of Z. 5 between 0.0Z and 0. 05 gin/see, and
the arc voltage by" a factor of 2 between 55 and 105 volts, In figure

43 for amm_n-_, the ,_riation is between 600 and i400 amp in arc

current, 0o 75 and 2 kgauss in applied magnetic field, 0. 029 and 0. 058

grn/sec in ammonia _"low rate, and ._5 and 55 volts in arc voltage°

Still, for each propeilant, all the d_ta on overall efficiency vers-;s

specific imp_.se fit very closely to a single curve. Within the range

of parameters tested, the overall ef_ciency" is then essentially a

function only o5 isp, and not independently of field strength, po'_er
input, current, or propellant flow rate. To emphasize the indepenclence

of efficiency, at a given imp,Mse, t_ input power level, the data of

figures 42 and 43 have been coded so that different s_,mbols apply _o
the different power ranges 20 to 40 kw, 4_ to 80 kw, and 80 to 160 kw.

Inspection of the figures indicates that the carves drawn to represent

each power level are, with".n the experimental scatter, the s_rr, e curves.
It could be concluded, tentatively, that it shoul:l r2_erefore be possible

to achieve comparable efficiency-specific impulse curves at lc'_er

levels than those which have been employed.

Figure 44 is drawn for comparison of hydrogen and ammonia in terms
of overall propulsive efficiency° In each case the smooth corve is

drawn to fit the data of _'igures 42 or 43, and the experimental scatter
is indicated by the b-'_rs drawn on the ammonia c_rve, The irvtication_

of figure 44 are that the overall propulsive efficiency of the X°2C

engine is somewhat higher in ammonia than in hydrogen by approxi-
mately 5 to I0 absolute points, Tl_.:t is, at a specific impulse of

4300 seconds the efficiency with hydrogen is almost exactly 30 percent,
while for ammonia the range 35 to 40 percent is indicated. Estimation

of the frozen flow efficiency is diffica_-t, since the entl_Ipy level at

which freezing occurs is unknown. A conslderable portion o_ the inp-t

energy is inserted directly in the kinetic form, so that the static
ent_alpy need ao'. be excessively high. Estimation of the exl_nsio._
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efficiep 7 is eqt_tlly difficult, since the factors _vhich contribute to

this effici.;,icy (velocity profile loss, angular spre_.d, failure to

convert random to directed motion, etc, ) are clo-3ely tied to the accel.- t
eration mechanisms, which are thcinse_.ves not undgrstood .n dei.aH.

However, twc simplifying assumption._ may be rnad,_. _vhich permit

comparison of the hydrogen aud ammonia officiency data. These

assumr:_-ions are crude, but sat-'.sfactory for the present stage of under-

standing of MPD arcjet behavior. The first assu.,'npt[on is

_exp, H2 " _exp, NH3 for 1000 sec < lsp < 5000 see

that i_. L_e fraction of input power which is lost in velocity profiles,

etc,, is the same £_r hydrggen and ammonia at any given specific
impulse in the range 1000 to 530n seconds. This range of specific

impulse is the range where overlapping dat_ in hydrogen and _mmonia
are available.

The second _ssumption involves the frozen flow efficiency. Here it is

assumed ";hat the percentage of dissociation and ionization for hydrogen
an¢_ ammonJ_ are the -a.me a_ a jiv_n Rpeclfic impulse; e.g., if hydro-

gen is 10 percent ionized at Z000 seconds, then anu-r.onia is _Iso 1-0

percent ionized at this specific impulse. Then,. approximately, the

ratio _f, H2/_f, NH 3 at a given Isp is the same as the ratio which would

hold for full ionization even though it is not at all necessary that _f, H2

or _f, Nli5 represnet full ionization.

With these assumptions, the overall efficiency ratio for ammonia and

hydrogen can be written

_o, Nit 3 ¢arc, NH3 _f, NH3
X

_o, H2 _arc, H2 el, H?

Table I evaluates this ratio and compares it with that experimentally

obtained. Data _n _f are taken from figure ZY: which assumes .Cull
dissociation and Ist ionization of all atoms.

Agreement between the overall efficiency ratios calculated in this
fashion r_nd those measured is fairly good, except at the lowest

specific impulse value, Z900 seconds. At the _.ower values of Isp
the calculation of _ is expected to be particaLrly crude, so that this
result is not surprising.
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TABLE I

OVERALL EFFICIENCY RATIO FOR AMMONIA AND HYDROGEN

_, NH3 Co,NH3 co, NH3
(calculated) _ (measured)

eatc, NH3 e'_c, H2 _f,H2 %, H2 eo' H2

(seconds) _e r cent) _r cent )
... ..

2000 42 65 3.04 :•9 I.4

3000 42 65 2.42 1.5 1.4

4000 42 65 I. 97 I. 3 ] I. 3

5000 42 65 1.72 1. ! ]. i. 2
• I I

The results of table I indicate that, at least to first order, the overall

efficiency data for hydrogen and ammonia can be compared on the basis
that the expansion efficiency is essentially the same for the two pro-

peEants, and that the differences in overall efficiency can be attributed
to the arc and frozen flow efficiencies.

Nonetheless, the apparent close fit of the overall efficiency versus

specific impulse data to a single curve which closely approximates

a straight line presents a problem of a_uch greater import. Besides
the fact that the electric-to-thrust power efficiency apparently is

basically fixed by th_ selection of a propellant and specific impulse
level, and is relatively insensitive to the particular combination of

mass flow rate, input power, arc current and magnetic field strength

by which the specific impulse level is achieved, the most striking
feature of the efficiency-impulse curve is its seemingly constant slope.

An extrapolation of the curve to higher values of specific impulse would

yield overall efficiency values greater than 100 percent; this is clearly
a violation of the principle of energy conservation. A series of high

input power, very low mass _'Iow rate tests was made in order to de-

termine whether the extrapolale_ values were experimentally obtained.
EHiciencies of more than i00 percez. + were indeed measured, and an

exhaustive s_dy of the measux'ing s_.,z=em was undertaken in an attempt

to explain the unrealistic results, It was determined that all meas-

urements were properly made, and that the data as recorded

_e
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were correct. The method of calculating the overall efficiency and

specific impulse in terms of the measured quantities was then con- !

sidered. Both the overall efficiency and the specific impulse are

calculated using expressions which contain the mass flow rate as a

term in the denominator. (See, for example, equations (11}, (12),
and {13}.) If the measured mass flow ra .... the mass flow introduced

through the engine inlet ports--were different from the true mass

flow which the engine is accelerating, erroneous values would be ob-
tained for both the efficiency and the specific impalse. This phenom-

enon is denoted by entrainment.

If the true mass flow rate (metered mass flow plus entrained mass

flow) were always 0.03 gm/sec while the mass flow rate introduced

through the engine and measured at the inlet ports ranged from, say
0.03 to 0.01 gm/sec, the overall efficiency and specific impulse

expressions would yield values up to three times as large as those
actually achieved. This would also imply that the efficiency--impulse

curve may truly be a straight line, but only up to some value of speci-
fic impulse (and overall efficiency) corresponding to a mass flow rate

of 0.03 gm/sec, thereafter increasing perhaps to an asymptotic value

of somewhat less than 100 percent at specific impulses obtainable with
and MPD arcjet.

The following section discusses some experiments performed to test

for the existence of gas entrainment, and outlines the reasons for the

conclusion that gas entrainment is a major factor in the observed
oueration of the MPD arcjet in "high" back pressure environmental

tanks. The next section then considers the operation of the MPD

arcjet with alkali metal propellants and the ensuing benefits including

the advantage of reduced tank back pressure operation.

D. POSSIBLE IViASS ENTRAINMENT BY THE X-2 ENGINE WITH STRONG

EXTERNAL MAGNETIC FIELD

I. Qualitative Observations on Zero-Gas Flow Operation

A series of experiments was carried out to examine the role of possible

gas entrainment in the performance of the MPD arc'et engine. With

reference to equation (Z4), the beam or thrust power of any propulsion

device is given by

Prht'us_: = 4.8 x 10-5 T2/_oml (34)
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where Pthru_¢ (kw) is the thrust power, T(grams ) is the measured thrusts,
_¢otal (gm/sec) is the total accelerated propellant flow rate. If there is

signuicant gas entrainment during the gas acceleration process, the actual
value of thrust power will be less than the estimated value of thrust power

based only on the measured propellant flow rate.

The overall propulsion efficiency is given by an expression of the form

(25)
= 4.8 x 10-2 T2/m¢oral IV

or

= 4.8 x 10 -2 T2/&meas (I + _entrain/_meas )IV (26)

where, _meas (gram/sec) is the measured input flow rate to the engine
and menrrai a is the flow rate entrained from the ambient environment dur-

ing the acceleration process; I (amperes) is the arc current and V (volts)
is the arc voltage. Thus, for a given power input, gas entrainment in the

acceleration region will reduce the estimated value of the overall electric
to thrust power conversion efficiency.

The most striking qualitative evidence for the existence of gas entrainment

is the observation of Ducati 17, Hess and Brockman ZO, and this laboratory.

_ that the MPD arcjet will run without any gas flow passing through the engine.
; If there were no gas entrainment then this situation would, of course, cor-

respond to an infinite thrust power, and since the input power remained

• finite for this condition, an infinite value of the overall energy conversion

efficiency. Thus, the engine must either be running on electrode material,
or on entrained tank gases. Measurements of the weigl2t loss of electrode

, material have clearly indicated that in tl_e no-gas flow tests run at this

: laboratory the engine was running on the ambient gas (I00 microns) in the
test tank and not on electrode material

On the basis of this simple observation, it is clear +_at the propulsion

performance results reported to date 4, 15, 21, Z2 on MPD arcjet-like

: devices are open to some question and will remain op_.n to question until
quantitative answers are obtained to t_he problem of gas entrainment.
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Z. Ouantitative Observations on Zero-C_s Flow Operation

A detailed series of experiments has been carried out to examine the

possibility of gas entrainment.

Firs';, a two-way gas valve was placed in the incoming proDe!lant line so

that a given mass flow rate of propellant could be passed e_ther through
the thrustor as in normal operation, or _hrough the tank wall thus b,,-

passing the thrustor. In either case, the ambient pressure was unchanged

since the total mass flow throughput seen by the vacuum pump was a
constant. Qualitatively, it was observed that the thrustor operation, e.g.,

visual appearance of the jet, was relatively insensitive to whether the

gas was admitted through the thrustor or the vacuum tauk wall. As in-

dicated below, at a given current both the thrustor voltage and measured
thrust changed only a few percent as the flow was diverted from the

engine through the tank wall. This observation is taken as clear evidence

that the thrustor can act as a pump acting on the ambient gases.

Table H presents measured values of the engine voltage (V) and engine

thrust (T) for gas passing through the engine (V_n aud Tin ) and for gas
passing through the tank wall (Vout and Tout) as a function of arc current

and hydrogen flow rate. The magnet coil current was held constant. The

ambient pressure (Pambient) is a function of only the mass flow entering

the vacuum pump, and increases with increase in mass flow rate rising

from 100 microns at 10 mg/sec to 300 microns at 50 mg/sec. The tank
pressure is, of course, _ndependent of whether the gas /low passes

through the engine or through the tank wall.

With reference to table I_ there appears to be little significant variation

in either voltage or thrust as the gas flow is switched from the engine to
the tank wall. At a current of 500 amps, the measured thrust (Tin } for

gas flow through the engine increases from 4Z grams to 55 grams as the

hydrogen flow rate increases from 10 to 50x10 "3 gm/sec; under the same

current conditions and over the same mass flow range, the measured

thrust (Tout) for vacuum tank injection remains constant at about 4Z grams.

The difference in behavior might be accounted for simply on the basis of the '-
aerodTnamlc thrust mechanism. However, as indicated previously, over-

all there is little significant difference in either engine thrust or voltage

behavior as the gas flow is switched-off from the engine and introduced
through the tank wall.
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-__ TABLE II

_ COMPAR/SON OF MPD ARC JET VOLTAGE AND
:._ THRUST FOR PROPELLANT INJECTION THROUGH THE ENGINE

AND PROPELLANT LNJECTION OUTSIDE THE ENGINE

Hydrogcn Arc Tank Arc_ Arc_
' Flow Rate Current Pressur_ Voltage Thrust

_n I Prank Vin Vout Tin Tout
: (r_,_/sec) (amperes) (microns) (volts) (volts) (grams} (grams)

20 500 100 6Z 58 4Z 4Z

30 Z00 7Z 55.5 45 36

50 300 78.5 61.5 55 4Z

10 800 100 60 66 70 78

30 _00 70 63 ?5 73

30 II00 Z00 69.5 74 106 96 i

Vin - Voltage with flow through engine

Vout - V olta_ewith flow through tank wall

•_ Tin - Thrus_ with flow through engine

Tout - Thrust with £1ow through tar..k wa]__

Figure 45 presents a cur.re of measured overall energy conversion

efficiency as a function of hydrogen flow. The overall efficiency is based
on the measured flow rates, engine thrust l'_vels, and input current and
vol*._ge8 shown in table IL Based on the measured flow rate the o-,erall

efficiency exceeds I00 percent at a mass flow equal to about 3x10-3 gin/see.
.. Thus, at a current of 500 amps and a nominal value of back pressure equal

to I00 microns, at least 3x10-3 gm/sec must be entrained into the I_,PD

arc jet acceleration region for the condition of no gas flow through the
engine. If this were not the case, there would no longer be conservation

._, of energy.
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, 3. Observations on Engine Operation in a Closed Tank

In the next experiment the input mass flow was reduc.ed to zero and the

vacuum pump was cut out of the system by means of a shut-off val.ve. No

gas entered or left the system except through minor leaks in the vacuum

tank and associated piping. The engine continued to operate stably at
ambient pressures as low as 20 microns, and for periods of time of the
order of 1 hour. Similar observations on stable MPD arc jet operation in

a closed test chamber, with no gas flow passing through the engine, have

been reported by Hess and Brockman Z0 at NASA, Langley. In these
experiments _:table engine operation was obtained in an argon atmosphere

at pressures as low as 0. 10 micron back pressure.

4. Observations o n Engine Opera,.on in Different Gaseous

The engine was operated with nitrogen flow passing throL_gh ._t while

hydrogen was admitted through the ._cu_._zr_ tank wall; the vacuum pump
was operative so that the ambient pressure was held constant. The

exhaust jet showed characteristic nitrogen radiation untii hydrogen was
introduced into the tank; the visible jet then gradually began to show

_ hydrogen radiation starting at its downstream end; as the hydrogen con-
centratlon in the tank increased, the characteristic hydrogen radiation

! moved upstream to within about one inch of the nozzle exit plane. The

test was performed again_ in this case with hydrogen flow through the

! engine and nitrogen through the side of the tank; the results were equlv-
alent; that is, the jet was initially pure h_-drogen. However, as the

: nitrogen concentra_on in the tank increased the nitrogen concentration in

the jet appeared to increase.

5. Observations on the Behavior of a Thrust Piate in the

MPD Archer Exhaust

Finally, a smp.ll, thin tungsten W_ofer was lowered on a fine tungsten

wire into the exhaust je_ immedi_,tely downstream of the nozzle exhaust

plane. With no mass flow thror_h the e._.g[ne, a definite eddy pattern was
observed, i, e., from the observed deflection of the tungsten wafer, in the

!

.:. flow. At large radial distances from the engine axis the wafer hung
motionless; as it was lowered towards the axis, from its initial position

above the axis, it reached a region where it was violently pushed up-
: stream towards the nozzle exit plane. As it was lowered further, it was

violently pushed downstream away from the nozzle exit plane. Thus,
for the zero mass flow condition there was clear e-rldence of a strong

eddy ingesting gas into the engine and sending it out along the axis.
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As the mass flow through the engine was increased, the eddy began to l

weaken until at mass flows greater than 5x10 -3 gin/see evidence for the
eddy disappeared. It is important to note, however, that even at mass
flow rates greater than 5x10 -3 gin/see there is evidence of gas entrain-
ment in the main jet downstream of the engine.

These experiments indicate clearly that at the lowest masz flow r_tes,
in the test facility now being used, the engine drew gas from the ambient
environment and cecirculated it. At mass flow rates greater than
5_10 "3 gin/see there is as yet no evidence that this occurs, but the gas
mixture experiments do suggest that t_e ambient tank gas enters the
exhaust jet in appreciable quantity as close as one inch downstream of
the exit plane. If there is acceleration downstream of this point, the
ambient gas can participate. The measured mass flow rates and overall
values o£ energy conversion efficiency reported so far fo_ the IVlPD arcjet
are thus of ques_onable status until the question of entrainment is
resol_red.

6. Ambient Tank Pressures P_equired to Eliminate Gas Entraiz_ment

An estimate can be made of the possible mass entrainment by considering
the flux of particles from the surrounding environment which strike the
surface of the jet. If the jet surface area is A (cm z) the ambient
pressure P (ram of Hg), and the sound velocity, is c (cm/sec), then the
mas_.striking the jet surface in unit time by raz_dom diffusion is

me -- nmc^/4. (27)

Since, for fixed pressure, c~_/'_-Tand m_T -1, $ varies as T -1/2-
e

Assuming that the gas near the jet has a temperature T_300°K, then
for hydrogen c = 1.2 x 105 cm/sec, and nm, where n is the particle
density and m the particle mass, is given by 9.25 x 10 -5 gm/cm 3
at atmospheric pressure. Thus, with P millimeters o£ mercury,

me = 3.7 x 10-3 P a gin/see . (28)

It is not clear what value to use for A but i_ probably lies between i 00
and 1000 cm 2, based on the jet appearance. Hence

3.7 x 10-1 P < me < 3.7 P. (29)

Vatuesof the potential entrained mass flow are presented in table HI.

-81-

j.

1966003953-096



s%,:

TABLE III

" :.iAXIK'; U_4 POSSIBLE VALUES OF ENTR AINED M ASS

_ F LOW VERSUS ._JcIBIENT PRESSURE

Ambient Max. Entrained Max. Entrained

Pressure Mass Flow Mass Flow
P (^ = 100cruZ)_ (Ae = 1000 cruZ)

I:_ m ic rons m ill igram s / s e c m i lligram s / se c

"_ I000 (I mm of Hg) 370 3700
t

100 (I0-I mmof Hg) 37 370

i I0 (I0 -2 mm of Hg) 3.7 37I(I0 -3 mm of Hg) 0.37 3.7

0.I (I0-4 mm of Hg) 0.037 0.37

I To el.%mlnate potentiz,l gas entrainment effects in the power range

from 1 to 50 kw, the ambient pressure must have a value such that themaximun] potential entrained mass flow, i.e. , m = c-mA is less than@

I mg/sec. The ambient pressure must, therefore, be less tLar 10-4ram

Hg (0.10 microns).

Several speculative comments may be made at this point:

a. Reduction of the mass flow does not heip to reduce the entrain-

ment fraction unless the jet area is reduced.

b. At pressures greater than l0 microns the potential magnitude of

the entrained gas flow is comparable to the engine mass flow for

engines operated in the raDge £rom 1 to 50 kw.

c. In the situation of no-gas flow thrm_gh the engine, it c_n be

t speculated that the thrust level will re-ain approximately constantand the entrained gas flow will decrease _s the ambient pressure is

reduced. Thus, siuce, with decrease in pressure level, the guantity
of accelerated gas flow decreases, the thrust power, i.e., Tz/

will increase, and there will be - corresponding increase in arc

, _ voltage.
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d. The crucial question pertains, o[ course, to the extent to which
gas entrainment invalidates the existing overall efficiency versus

specific impulse data on the MPD arcjet. It is likely that at the higher

values of specific impulse (i. e., t0. 000 seconds for HZ) and corres-

pondingly the low'cr values of n-,ass flow, considerably more flow was

being accelerated by the engine than passed through the engine flow-
meter, The existence of extra entrained mass flow would probably

tend to leave the thrust level unchanged, but would reduce the oper-

ating voltage below the no-gas entrainment value. Thus. the presence
of gas entrainment can lead to higher estimated values of the energy

conversion efficiency than would be obtained if the engine were operating

in the hard vacuum of space, The extent of this performance deteriora-

tion can only be determined empirically.

E. ALKALI MI:;TAL OPERATION--WATER-COOLED

The most promising technique for reducing the pressure in the test chamber

and thereby reducing the potential amount of entrained propellant is the use of

easily condensable propellants such as the a!kali metals, eog., cesium and
lithium, in conjunction with a cryogenic pumping system. The alkali metals,

moreover, are attractive in their own right as MPD arc jet propellants because
of their relatively high frozen flow efficiencies.

1. Engine Configuration

The basic plasma accelerator designed for water-cooled alkali metal operation

is shown in figure 46. As in the X-2C engine, the unit is cylindrically

symmetric. It consists of a central taxngsten cathode surrounded by a co-

axial, water-cooled, copper anode. A magnetic field coil is mounted
coaxially with the thrustor and produces an external magnetic field with

axial, Bz, and radial, Br, magnetic field components.

For operation with the _ikali metals, the cathode is fabricated from 1/4-

inch diameter tungsten rod, drilled out to a 1/8-inch diameter almost to

its tip, and insulated from the anode by a boron nitride tube. Near the

tip, three symmetrically placed, 0. 075-inch diameter holes are drilled,
each making a 25_degree angle with the cathode axis, and meeting at its

center (see figure 45}. The cathode is then an integral part of the pro-

pellant feed system.

The anode is water-cooled copper, Propellants other than the alkali

metals are injected tangentially through four ports in the anode, which

are aligned normal to the engine axis (see figure 46} and which are
presently used for starting. A boron nitride tube is press-fitted into the

anode, and insulates it electrically from the cathode, preventing attach-
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ment of the discharge to the inside surface. A water flow rate of the

order of 6 GPlV_ is ma._ntained through the anode to cool the copper.

The e_cternal magnetic field coil consists of 40 turns of 5116 o.d.

copper tubing, and is water cooled. It has an inner diameter of 3-1/8 ,

inches, an outer diameter of 8 inches, and is Z inches long, Figure 47

shows a mapping cf the magnetic field distribution for a coil current of
400 an,ps. Each arrow represents a me_r_red value of tl_e magnetic field

strength at that excitation current. The arrow leith is proportional .'o

the magnetic field strength, and its direction is that of th_ f_eld at the

point. The dashed lines of figure 47 have been sketched in using i_ meas-

ured values as guides. The field strength exhibits the expected linearity
with excitation current, as shown in figure 48. The peak axial field

strength at the cathode tip is of the order of 3 kgauss.

As in previous MI_D arcjet tests, the thrustor and its auxiliary magnetic

field coil are mounted on a liquid-cooled thrust stand. Measurements

are made of the engine thrust, arc current, power removed by the anode

cooling water, vaporizer pot temperature, and ambient tank pressure.

I /
/ / /

/ /
/ //// ,-.

/ / .ff

\ \ "\',",,,?,.

Fl0ure 47 MAP OF MAGNETIC FIELD USED WITH CE,_IUMMPD ARCJET
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Feed System

The feed systen_ which has been used consists o[ a hot liquid metal reser-

voir (vaporizer), a metering orifice, and a huated tube for connection to

the engine cathode.

The liquid metal reservoir consists of a stainless stc:u[closed pot which

has a I-I/4 inch inside diameter and is Z-7/8 inches deep (figure 49). It

is surrounded by a series of boron nitride rnandruis which are wrapped

with 30-rnil diameter thoriated tungsten heater v;irv. Its base contains

a region into which cool air or water may be run in order to rapidly cool

the liquid rne_al to drop the vapor pressure. This serves to effectively
reduce the mass flow rate to zero at the end of a test in a time which is

very short compared with the running time, and thus allows calibration of

the mass flow rate during engine operation.

The liquid nletai in the vaporizer is maintained at an elevated temperature;
for cesium, the temperature is in the range from 400 to 500 °C, while for

lithium it is in the range from 900 to 1200 °C. The liquid metal tempera-

ture determines the vapor pressure in the vaporizer. The vaporizer cap
includes a metering orifice of about 0. 030-inch dialnet_r and is welded to
a 1/4-inch o.d. stainless steel tube which connects to the cathode. The

stainless steel connecting tube is also surrounded by a series of boron
nitride mandrels which are wrapped with 30-mii thoriated tungsten heater

wire. The tube and the metering orifice are maintained at a temperature
somewhat above that of the liquid metal by the use of separate heater

supplies for the vapori_er and feed tube. This allows a given temperature
(and thus pressure) to be maintained in the vaporizer, while the propeltant

is prevented from condensing in the feed tube by the still higher tempera-
tures maintained there.

The propellant is loaded into the stainless steel reservoir in a glove box in

which an argon atmosphere is maintained. The metering orifice is initially
sealed with a drop of solder which mslts at a temperature about ZS°C below

the desired operating temperature so that the propellant is not introduced
until essentially the operating temperature (and thus the desired mass flow

rate) is achieved. The vaporizer pot temperature and thu feed tube tem-

perat0_'e are measured with Chromel-Alumel thermocouples, an additional
Iron-Constantan thermocouple imbedded in a stainless steel sheath is

immersed in the liquid metal as an auxiliary measuring device.

The vapor pressure-temperature relation for cesium is shown in figure 50.
The estimated mass flow rate is shown in figure 51 as a function of orifice

diameter for an assumed discharge coefficient of 0.5. Measured values of

the mass flow rate yield an experimental value for the discharge coefficient

in the vicinity of 0.4.
r
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-_ Figure 51 ESTIMATEDCESIUM MASS FLOW FLOW RATE AS A FUNCTION OF TEMPERATURE
_' AND ORIFICE DIAJ_AETER
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The initial we!gl,_ of propellart in the vaporizer pot is determined by

weighing on a balance scale• The time at which cesium vapor begins tc

flow (sol_er plug melts) is recorded• By weighing the system again, the
total cesium mass expended during the run is determined. The ratio of

total mass expended to total time elapsed is taken as the average mass

flow rate, at the average opera%ing tempe_-ature. This average m:_ss flow

rate is then corrected for any 'emperature variatio s during the run by
use of figure 51• As mentioned above, t_ds method yields a value for the

discharge coefficient of _e order of 0.4.

3. Engine Operation

Operation of the engine with cesiu,.nis as follows. When the feed system

has been brought up to a temperature of about 375°C, and the heater insula-

tors have been allowed to outg _s for some I/me, the line leading directly

to the mechanical pump is opened and it pumps in parallel with the diffusion

pump. The discharge is struck using hydrogen as propellant injected

through i'henorxnal tangential ports, and the ambient pressure rises to
about ZOO to 300 microns. The arc current in the cathode combined with

the systen_ heaters raise the vaporizer pot temperature to about

38_ • at which point the solder plug molts and is blowu out by the high

intern_l argon pressure. (The argon pressure in the vaporizer is raised

from the initialone atmosphere loading pressure to about 35 psi at the

solder melting temperature. ) Cesium begins to flow and the hydrogen
flow is shut off. The direct line to the mechanical pump is closed and

only the diffusion pump is effective. The ambient tank pressure rapid/y
(seconds) falls_ to about 0.1 micron as the hydrogen is exhau_-ted, and

the liquid nitrogen baffle pla_e condenses the exhaust cesium vapor.

At the end of a run, the vaporizer pot heaters are turned off and cool air

followed by water is used to lower the vaporizer temperature very rapidly

to room _emperature. This effectively reduces the cesium mass flow rate
to zero•

4. Voltaic bt[easurements

A series of measurements was made to determine whether the en_.'ron-
.-

mental test tank and/or the baffle plate were interacting with the engine. .;
Specifically, tests were made to determine whether the tank was carrying ':
a significant fractiou of the total arc current -- a situation which would

lead to erroneous englne performance measurements•

The voltages were measured using a Tektronix type D plug-in unit in con-
junction with a Tektronix oscilloscope. During cesium operation, the

*As t,_eanted by an imlmttloa gauge. The effect of ceslma ca the accuracy o_this 8attge|a u_ce_in.
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_: cathode-to-tank voltage was of the order of I0 to Z0 volts; the ren_ining

:_ 50 to 80 volts between anode, av_. cathode was present between the anode
,: and tank. Various resistors ,vere then connected between the cathie and

-" tank to determine the "resistance" of this path and thus the current flow

through the electrical pat_ consisting of anode-plasma-tank-plasma-cathode.
This "resistance" J_as :neasured to be of the order of 500 ohms. This

corresponds to a cur_-ent flow of about Z5 mil_amps (for a 12.5-volt drop

between cathode a,=d tank). The total arc current was about 1O0 amps.
The tank circuit thus carried less than I/I0 o£ i percent o_ the total arc
current.

Durin_ _he "performance of the above tests, several observations were

" rna_._which are, as yet, not fully understood. When the engine w-as running
en hydrogen as propellant, the tank potential was about halfway between

the anode and cathode. As the engine warmed up, the tank potential came

closer to that of the cathode, the cathode-tank potential difference falling

from about 50 volts to about 25 volts. As the _esium began to flow, the

cathode-tank potential difference dropped even further to about 15 volts.

Another, and possibly more interesting observation was also made on the

difference b_tw_.ea hydrogen and cesium operation. When the engine was
operated with hydrogen, the oscilloscope trace of both cathode-tank and

anode-tank voltage differences was essentially fiat, that is, any ripple

present was several orders of magnitude smaller than the voltage differ-

ences themselves. On the other hand, two distinctly different voltage

; patterns were seen with cesium. In neither case was the ripple small.
| In (me case, which corresponded tca large cathode-anode voltage di_ei--

ence (_ I00 volts), t]_e anode-tank voltage difference showed no ripple

! whereas the cati_o:le-tank voltage was on the order of I0 to 20 volts with

| a ripple of about _- I00 pe;cent a_ a "£requency" of about a megacycle per
, secovd. In the other case, corresponding to an anode-cathod_ voltage

t difference about volts, cathode-tank voltage difference _-.s con-
of the

s tant; the a_ode-tank voltage difference wa_, however, about 50 to 60 _- I0

t percent volts, also at a frequency of the order of a megacycle.

: _ 5. _el)ulsion Performance

i The liquid-cooled MPD arcjet engine described above has been operated
"" _ with cesium as _he propellant. A typical test lasts between 30 minutes

| and 60 minutes. Electrode erosion is insignificant. A table listing

measured performance results is given in appendix D0 With reference
to this table and to the discussion which £ollows, it should be pointed out

that the input power to the device is calculated as the product o£ arc

current and arc voltage; power supplied to the m_gnet and power used to

vaporize the cesium in the boiler pot are not included. The major reasons
_" for this are that (i) it is not yet clear what sort o_ magnetic field is optimal,
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and it is possible that the optimal magnetic field may be such that it can be

supplied by a permanent magnet; (ii) no attempt has been made to optimize

the boiler pot configuration; and (iii) at this stagt_ of engir, e development

it may obscure important trends in arc efficiency to lump all input power
together.

The engine operation with cesium vapor has been fairly straightforward.

With the exception that the metering of mass flow rate must be handled
differently, the operation in cesxum has been essentially- like that with

ordinary gases. Figure 5Z is a photograph taken from outsid _ the test
tank during operation with cesium. The magnet coil is seen a the left

side of the picture, as weEt as the engine _xit plane. There i, a central

core of intense illumination issuing from the center of the exiL plar, e and
extending downstream approximately two feet. A coa.xial zone of less

intense illumination surrounds the cent_.l core. The outer boundary of

this less intense zone is shaped essentially like a magnetic field line.

These major features c,__ the exhaust appearance are always present,
although the absolute intensity of each zone, the length of the central

core, etc., are functions oi the operating conditions. For the photograph,

the arc current was 135 amp, the voltage 70 volts, the magnetic field
strength Z. 15 kgauss, the cesium mass flow rate 6 mg/sec, and the

ambient pressure 0.1 rnicro._.

The -¢oltage of the cesium MPD arcjet appears to be magnetic field dependent,
as was the case with the ordinary gases tested earlier. Figure 53 shows th?

measured are voltage for currents ranging fx_m 70 to 140 amp and for

cesium flow rates ranging from 3.5 to 6 mg/sec, as a function of magnetic
field strength from 660 to 3300 gauss. There is a considerable scatter of

the data points, with the voltage varying from about b0 volts to 1Z0 volts at

one magnetic field strength, ZZ00 gauss. Still, there is a trend to the data

of increasing voltage with increasing magnetic field. A straight line has

been drawn on figure 53, but the dam scatter is such as to make a quantita-
tive estimate of the slope rather uncertain. It does appear that if the voltage

behavior of this engine with cesium is to be explained on the basis of the

critical-velocity hypothesis of Patrick and Schneiderman, Z3 the character-

istic length which must be associated with the field-plasma interaction is
extrenlely large -- on the order of one meter. If instead the characteristic

length is of the order of one centimeter, as was the case for the ordinary

gases used earlier, then the velocity arising from the slope of figure 53 is

about _wo orders of magnitude higher than the critical velocity. Alternatively,
the critical velocity can be • edefined to include energy for multiple ioniza-

tion; this would tend to bring the measured voltage-magnetic field slope
closer into line with the critical velocity, but attempts to do this are post-

poned until better evidence is a_ailable to determine the slope and the

degree of ionization.
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The power lozt to cooling water during operation with cesium is plotted as
t a function of current in figure 54. Previous results with the ordinary gases

had indicated that the power lobt to cooling water in L_PD engine operation

correlated well with cur_'ent; it appeared that the. losses could be accounted

for by a constan_ voltage drop of apprcximately _5 volts associated with the

, electrode fall regions. This is not the case .*or the data of figure 54. The

power lost to cooling (in this case, exclus_:vely the anode since the cathode
is not cooled) is a relatively weak function, of current, rising from about

5.5 kw at currents of the order of 75 amps to about 7 kw at currents of the

order of 175 amps _. Since "_he input power levels for these data were
always in the near neighborhood of 10 kw, the arc efficiency, defined as the

ratio (power" to the gas)/(power input to the arc) is rather low, being typi-

cally about 30 to 40 percent.

Figure 55 is a plot of overall engine efficiency as a function of specific
impulse for the data obtained with cesium. All the data points are plotted

to the same scale, so that there are represented a magnetic field range of

0.5 to 3.3 k gauss, a current range of 70 to 1B0 amp, a voltage range of

35 to 120 volts, and an input power range of 5 to 10 l_v. The ambient pres-
sure in the vacuum tank was in all cases between 0.05 and 0. Z micron, and

the arc efficiency varies between approxlraately 2Z and 38 percent.

According to figure 55, the efficiency is a linear function of the specific

impulse, passing through the origin of cooz_linates and rising approximately

4. 5 percent for each 1000 seconds of specific impulse. Sufficient data have

been accumulated in the range of specific impulse from 1000 to 3000 seconds
to make this correlation fairly firm.

An interesting correlation is observed in figure 56. Here the ratio of over-

all efficiency to arc efficiency is plotted as a function of magnetic field

strength. An acceleration efficiency can be defined _-.

Thrust Po_r
cac c _, Power to Gas

such that the overall efficiency is given by

* The coolht8 l_Wet csn also be co_ehu_1 with LB,the ptod_ of arc c_w_t • ad mas_e';c t3eld stteas_ It is not yet
elect what sfptiflceace this ins.
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_ Hence,

eace = ¢o/_.a_c

_ and the ratio of overall efficienc_ to arc efficiency is the acceleration ef-
ficiency, According to figure 56, this acceleration efficiency shows a vari-

ation with lnagnetic strength, achieving a maximum at a field strength of

approxhnately Z kgauss for the engine and magnet configuration employed

here. Under the best conditions the acceleration efficiency is 40 percent

while at the worst it is less than Z0 percent. Some caution should be ob-
served at this time with regard to this optimum; the data poiDts at magnetic

field strengths greater than Z.Z kgauss were a]l taken with one value of

cesium in_ow rate and arc current, and there may be some characteristic
_- of operation with this flow rate and current which produce_ a falloff in ac-

celeration efficiency with magnetic field strength. More data are necessary

to resolve this uncertainty.

; F. ALKALI METAL OPERATION--RADIATION-COOLED

I. Engine Configuration

The successful operation of water-cooled MPD arcjet engines with alkali

metal propellants has led directly to testing of radiation-cooled engines of

similar geometric configuration. With increased anode operating tem-

peratures and the possible increase in thermal efficiencies, the overall or

propulsion efficiencies at given specific impulse should increase as well.

The initial radiation-cooled engine to be operated at this laboratory asing
cesium as propellant, with essentially the same cathode injection and feed

system as were used with the water- cooled engines, is shown in figure
57. The anode is fabricated from a thoriated tungsten cylinder. The

i starting gas (hydrogen) is injected through the cathode and is preheated by
a four-ivch heater. The heater consists of several mandrels of boron

nitride surrounding the 1/4 inch o.d. hydrogen feed line and wrapped with

' about lZ feet of 30-rail thoriated tungsten heater wire. The hydrogen is pre-

heated so that the jointure with the cesium feed line (see figure 57) is not

cooled to a temperature below that of the vaporizer pot. This prevents the

- condensation of the cesium vapor in the feed line which would cause sporadic
operation o£ the engine and :'spitting' of droplets of liquid cesium.

: For radiation- cooled operation, the magnetic field coil is shielded from

the e.xlmust jet by a water-cooled copper jacket. Tlere is no physical con-
tact between the anode surface and the coil jacket, so that the anode is not

: :' cooled by thermal conduction to the jacket. The magnetic field coil has an
_ hmer diameter of 4-I/4 inches, an outer diameter of 9 inches, is Z inches

.'..
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long, and made up of 41 turns of 5/16 inch o.d. copper tubing, fhe dower

- removed from the field coil jacket coolant is measured with a chxomel-alumel
differential the rmopile.

Because the mass flow in the initial feed system depended upon the pressure

of the vapor in the vaporizer pot, it was necessary that the vaporizer tem-
perature be controlled within rather narrow limits in order to _btain a con-

stant, accurately determineei, n,ass flow. The initial system w_s replaced

by the system shown in figure 57a. 'The vaporizer pot is u'_ed merely to

maintain the propellant in a liquid state. The argon pressure above the
liquid may be varied at will, and the mass flow is directly proportional to

this pressure. A large argon reservoir is connected in parallel with the

vaporizer pot to maintain a constant pressure once the pressure value has

been selected. The fine tungsten wire (_, 5 to 10 mils) is inserted in the

feed tube ( _ 25 mils i.d.) to prevent the propellant from entering the
cathode cavity in a series of drops. The propellant is aI.l.owed to "run

down" the wire, in liquid form touch the hot cathode, and vaporize. It

then enters the engine anode region as _ vapor.

2. Propulsion Performance

Both cesium and lithium have been used as propellants in the radiation-

cooled MPD arcjet, and some data have been obtained _or each propellant.
The engine operation with lithium has been far smoother than with cesium;

with the latter propellant, perhaps because of inadequate mass flows to
produce sufficient particle densities in the acceleration region, engine

operation was characterized by sporadic erosionof the cathode and the
cathode insulator. As a result, it was not possible to produce a set of

systematic propulsion data o£ accuracy comparable to the data obtained

with the liquid-cooled engine. However, it has b_en t.o..sible to compare

certain operating points obtained with the radiation-cooled engine; although
the comparison is subject to the scatter and inaccuracies of the data ob-

tained in the radiation-cooled engine, it appears that t-,e two sets of data

are consistent. At power levels up to 5 kw kilowatts (approximately 40

volts at 120 amperes) peak Isp values of almost 3000 seconds were reached
with overall efficiencies of 15 percent. It is stressed that these data are
badly scattered, and they are not tabulated here because of the uncer-

taiuties attached to them. The situation is Tnuch improved with lithium

" operation.

Performance data obtained with the radiation-cooled alkali metal MPD arc-

_ : jet using lithium as propellant are listed in the table of appendix F. Figure
Q 58 shows a plottin_ of overall efficiency versus ._pecific impulse for this
' " lithium fueled entwine. _.lthough the scatter in the measured values is

appreciable, the data may be fit by the straight line drawn on the figure.
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In this respect, and with respect to the efficiencies achieved in the 4000-

to 6000-second specific imp,zlse range, the lithium performance data are
not greatly different from those previously obtained with, say, hydrogen,

notwithstanding th_ extremety differ_.nt ambient tank pressure conditions

under which the data were taken. The hydrogen data were obtained with

ambient backpressures of the order of I00 microns; t_hose for the lithium
propellant were taken with tank pressures of the order of _. fraction of a

micron. In comparison with the large number of hydrogen data points,
however, the amount of lithium data is relatively scant and the direct com-

parison is not totally valid _t this time. More lithium data are required

for a firm comparison, and these are being compiled.

-105-

• 4-

1966003953-120



III. MAGNET SUBSYSTEM

: A. ELECTROMAGNET DESIGN

Studies have been initiat_-dto determine the weight penalty associated with the

magnet subsystem required for MPD arcjet operation. Because the magnitude

and shape of the magnetic field required for optimum MPD arcjet operation are

not yet clearly defined, the following remarks must be considered preliminary.

For the purpose of discussion, ithas been assumed that the required magnetic
field distribution can be obtained with a solenoid; fnrther, for reference pur-

poses, the field srcength at the core center has been taken as the basic design

parameter. Briefly, as will be described below, a semiquantitative comparison

has been made of the weight of a radiation-cooled magnet system and the weight
of a liquid-cooled magnet system; the weight comparison is based on the gro_md

rule that both systems produce the same field strength at the center of the sol-
enoid.

1. Fabry Formula

The axial field strength at the center of a solenoia is given by the Fabry
relation, which has the form: 24

Bz -. G -- 1301

/

where, Bz (kgauss) is the magnetic field strength, G is a geometric factor

which de2ends on the coil geometry (i.e., ratio of outside to inside radii

r{/ro = a,and length-to-diameter ratio, I/2_ = _, P (megawatts) is the

power input, A is the fraction of the coil occupied by the conductor, p(ohm-

cm) is the resistivity of the coil, and ri (cm) is the inside radius of the
COil.

The geometric factor, C-, is a relatively weak function of the radii ratio,

.:. _ and the coil length to diarn.eterratio, B. The maximum v_.l_eof G is
abo,,t0. Z0 which corresponds to values of both _ and a in the range Z to 3.

_:. " For the purpose of the following semiquantitative discussion, G will be
" assumed a constant equal to the maximum value of 0.20 and both _ and

_ will be assumed to be of the order of Z to 3. By preselecting values
of G, a, and _, the problem of estimating magnet system weights in con-

: siderably simplified; further, from the viewpoint of an order of magnitude
analysis, these quantities only have a second-or _er effect on the calc_

• la+_ed results.

•. -106-
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Substituting G = 0.20 into equation (30) the Fabry relation can be written:

P = 2.5 x 10-2 p ri Bz2/A (31)

Dimensions are: the input power, P (kw), the resistivity, p (10 .6 ohm-cm),

the inner radius• ri (cm), the axial field• Bz (kgauss)• and the fraction of
coil occupied by the conductor• _ (dimensionless). Equation {31) with the
dimensional units as indicated• is used below.

From the Fabry relation (equation 31), the solenoid input power is pro-
portiona! to. the square of the axial magnetic field strength, and directly

proportional to the solenoid material resistivity and inner radius. Figure

59 presents normalized magnet input power as a function of axial magnetic.
field strength at the center of the solenoid. The solenoid is at room tem-

perature. For a 1-cm inner solen¢.!o radius and a magnetic field strength

of 2. 5 kgauss the required input power is about 7-60 watts; if the inner radius

were increased to 5 cm• the required input power would be 1300 watts.

Figure 60 shows the resistivity of copper as a function of temperature; as

the temperature is increased from 50 to 500°C, the resistivity increases
from about 2x10 "6 ohm-cm +.o 5x10 -6 ohm.-cm. Thus, for fixed field

strength and inner solenoid radius• the required input power increases with

it.crease in solenoid temperature (equation 31). Figure 61 presents the

normalized magnet power input, i.e. • normalized with respect to an axial

field strength of 1 kgauss and an inner radius of 1 cm, as a function of
temperature. The required input power increases from 50 _o 150 watts as

t_he coil temperature is increased from 50 to 500 ° C.

2. Radiation-Cooled Magnet Subsystem

The major purpose of this discussion is to estimate ":he potential weight

penalty associated with the MPD arcjet magnet subsystem. In the present

section, estimates of the weight of a radiation-cooled magnet subsystem

are presented; the fo_owing section includes estimates of the weight of a
liquid-cooled magnet sabsystem.

The weight of a magnet is given by

w_.ere ri is the inner solenoid radius, w is the density of the magnet ma-
terial, a is the solenoid radius ratio, _is the length to diameter ratio, and

A is the fraction of conducting; material in the coil. For the radiation-
cooied magnet, A is assumed to be equal to 1. For the assumed values of

-107-
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a and _ the coil weight, to a first approximation, is given by

Wmas "z_ 75 v3 ,,x {33)

For copper, w = 562 lb/ft 3 and k = 1, the weight of the magnet is given by

wmag = 1.55 ri3 ib . (34)

The weight of the magnet is, of course, proportional to the third power of
the inner coil radius.

The radiation area of the coil is given by

A = 2rrri2 (2a/3+¢2-I) . (35)

For the assumed values of a and #, the radiating area becomes

A -'z"I00 ri 2 cm2 (36)

In the case of the radiation-cooled magnet all the input power m_st be

radiated from the magnet exterior surface. The calcula__;onal procedure

then is as follows: a) select an inner coil radius, ri ; this e q_ablishes the

radiating surface of the magnet (equation (36) }and the weight oi the magnet
(equation(3"4) b) choose an operating temperature and estimate a surface

emissiv'ty, (e. g., in the present calculations f = 0.60) ; ltais detP.rmines

the maximum power input from P = ,aAT4; c) from the e_timated power

input, the assumed temper_tt:re which fixes the resistivity, a...xd ,*.he as-
sumed inner radius, the axial magnetic field on the solenoid axis can be

estimated from the Fabry relation (equation 31}; d) the weight of the re-

quired magnet power supply is estimated from an assumed power supply

specific weight of 50 lb/kw.

The weight of a radiation-cosied magnet system is shown as a function of
axial magnetic field strength for inner solenoid radii of respectb,ely 1, 2. 5,

and 5 cm in figures 62, 63, and 64. The radiation-cooled magnet system

weight includes the weight of the power supply and the weight of the magnet.

The weight of the coil is, of course, independent of the field strength. The

weight of the magnet system increases with magnetic field strength because
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I

of the increased power requiren_ent. At a fixed strength of I kgauss the

weight of the magnet subsystem increases from 7.5 to nearly 210 pounds as
+..he inns." radius is ;ucreased from I to 5 cm.

3. Liquid-Cooled Magnet Subs_qte.rn

In the case of the liquid-cooled magnet the input power is removed by a

closed-loop cooling system with external radiator. The weight of the

liquid-cooled magnet subsystem assembly must therefore include the

weight of the radiator as well as the weight of the magnet, and power supply.

The calculstional procedur_ for determining the weight of the liquid-cooled

magnet subsystem is as follows: a) select the re:[uired solenoid inner

radius, zj ; the reqnired axial magnet field strength, Bz .; and the radiator
operating temperat_re, Tra d ; b} the operating temperature establishes

the coil resistivity; and the resistivity, p , com_ued with the required

magnetic field, Bz , the solenoid radius, ri ., and the packing factor .\ =
0.70 makes it possible to estimate the required magnet power from the

Fabr 7 relation (equation 31), c) the weight of the magnet coil can be de-

termined from equation (34), again assuming a l.acking _actor, A = 0.70;

#) the radiator weight is estimated u_mg an assumed specific _adiator

weight of 7xl0 "4 lb/cm 2 (or 3.2 kg/m_.

: _'igures 65, 66, and b7 present plots of system weight versus n_agnetic
i field strength for inner solenoid radii _f 1, Z. 5, and 5 ore, respectively.

[ The actual magnet coil becomes a larger fraction of the total system weight!

I as t_e inner radius is increased; this, of covrse, might be anticipated since

I Wmag,- r? and fpow_ supply "_ ri" For inner solenoid -.adii up to 5 cm,
and axial magn6t_c zie_a srrengms up to 3 kgauss, the weight of the e'rternal

radiator is a relatively small fraction of the total syster_ weight. It is

. intportant to recognize, however, that the presence o," an exterr._l cooling

i system will introduce reliability problems, and further, in the above semi-
quantitative calculations, no weight allowance has been made for the cooling

[ pump or coolant.
[

I To illustrate the probable size of the radiator, assu_nir, g an operating tern- :i
i peratuare of 100°C a-td an emissivity of 0.60, the emi'_._.edr._diationis 6_I0 "2 :'.

-£' "_ 0

, w/cm ; tberefore, Rthe required radiating area _or 100 watts is 0. 17 m , f r
500 watts, 0.85m , and for 5000 watts, 8.5m . At power levels of the

I order of 1 -kw, the required radiator areas appear reasonable in terms of

possible spacecrs- _. designs.

4. Weight Comparison of Liquid- m_d_ l_adiation-Cooled Magnet Su.b..systems

Figures 68, 69, and 70 present comparisons of total magnet system weights
as a function of axial magnet field strength for inner solenoid radii of

I, 2. 5, and 5 cm respectively. The basic conclusion from this comparison

is that _within the limits of the analysis)the weight of a radiation-cooled
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magnet system is about three times the weight of a liquid-cooled magnet

system to produce the same axial magnetic field stren/,th. At values of in-
ner solenoid radii of the order of 1 cm, and field strengths up to 1 kgauss,

the absolute weight penalty arcruing to the use of a radiation-cooled magnet
is only ef the order of a few pounds, and can perhaps be tolerated from the

: viewpoint of gaining reliability. At inner solenoid rndii greater than 1 cm,

_' and magnetic fields greater than I kgauss the weight penalty a_sociated
with the radiation-cooled system is substantial and probably cannot be tol-
erated.

To conclude, l_able IV presents estimates of magne:t subsystem specific
weights for the MPD arcjet. The magnet subsystem spe.:ific weight is de-

fined as the ratio of engine power to subsystem weight. Two power levels

appear attractive for solar-powered E4/_D archer operation, i. e., 1 to I0 kw
and 20 to 40 kw; at the I- to 10- kw power level th_ required inner solenoid
is assumed to be of the order of 1 cm, while at 20 to 40 "kw the required

inner radius is assumed to be of the order of 2 crn. Similarly, the required

solenoid axial field e,'rengths are asstuned to be in the range from 1 to 3

kgaass.. It is stressed that the assumptions regarding inner solenoid radii

and required field strength are working hypotheses, The results in table

IV are thus only as va_id as the assumptions. With due qualifications, the
results in table IV do suggest_ however, that: except at the very low engine

input power levels, i.e., order of 1 kw the specific magnet system weights

appear quire tolerable and well wir_hin the current solar-powered electric

propulsion subsystem design goal of 25 lb/kw.

B. PERMANENT MAGNETS

The magnet geometry considered was a cylinder of inner and outer radii z and

R, respectively, and length 2L. The two cases are: (I) axially magnetized and

(Z) radia/17 magnetized cylinders. The magnetic field strengths in the region

exterior to the _agnet material may be determined by the method of magnetic
bound current. 5 The field distributions in the regions exterior to the magnet
are found to be identical to those of solenoid_l current distributions.

For the axially magnetized mate, _/, the field strength distribution is the same

as that of two concentric solenoids of radii r and R, each carrying a current per
unit length, _.l, but in opposite directions. M is the magnetization of the magnet

material. It is seen that this configuration has certain obvious, dis%dvantages.

First, and of major consequence," is the large cancellation of field strength due

to the two "solenoids". The field strengths achieved are an order of magnitu. _
lower than those achieved with an electromagnet. Secondly, the field distribu-

• tion is not at all similar to that of a single solenoid.

; The radially magnetized configuration appears much _nore promising at this
time. The field distributio_ is the same as that of two very thin solenoids lo-

cated at the end faces of the cylinder, although carrying currents in opposite

directions. If the cylinder is of sufficient length, the field strength and its

spatial distribution at one face and outside the magnet is essentially that of a

single, thin solenoid situated at the end face. The other "solenoid" is far enough
, removed to have little or no effect upon the field in this region.

The present indications are that field strengths of the order of 1 kgauss can be
achieved with such a magnet with a weight penalty on the order of 50 to I00

:. pounds. This is cc.nparable to electromagnet systems.

:'" -122-
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TABLE IV

MAGNET SUBSYSTEM SPECIFIC WEIGHT

_ngine Inner Solenoid Required System Specific

Power Level Radius Field Strength Weight Weight

(kw) (cm) (kilogauss) (pounds) (Ib/kw)

1 1.0 1.0 4 4

Z.O 11 II

3.0 Z5 Z5

I0 1.0 1.0 4 0.4

2.0 11 i.I

3.0 Z5 Z.5

20 2.5 I.0 24 I.Z

Z.0 42 Z.i "

3.0 75 3.8

40 Z.5 i.0 Z4 0.6

Z.0 42 I.1

3.0 75 1.9

o..

-123- *"

1966003953-140



IV. APPLIED B ESEARCH

A. INTRODUCTION

At this time, h_D accelerator research is being pursued at several labora_
reties including this one. The research programs differ in the propellants b_;-
ing used, the ambient pressure levels, the magnetic field strength applied, and
i_ other details. Various hypotheses hate been put forth i_ an attempt to explain,
or at the least to correlate, the apparent accelerator operation with the controll-
able parameters. In addition0 varied diagnostic studies have been pursued in
the different laboratories, The purpose of this section of this report is to in-
tegrate the information which is now available fron_ all sources, and to present
the results of experiments and analyses carried out at Arcs RAD, with a view
toward summarizing the current state of the art in our understsa_ing of I_D
arcjet operation. A tentative model of MInD arcjet operation, which is principally
electrothermal in nature with a magnetic nozzle, is then _roposed,

B. CONDITIONS IN THE MPD ARCJET EXHAUST

I. Appearance of the Exhaust

At a low ambient pressure (order of 100 microns or less, down to the
order to 10 "z micron) the exhaust jet of the MInD arcjet shows several
qualitative features which are common to operation over a fairly wide
range of current levels and magnetic field strengths. A central core is
visible which emits intense radiation, and which grows in diameter slowly
in the downstream direction. The annular space inmlediately around this
core is relatively dark. Just outside of this annular sgion is a second
lun_inous region, the cross sectional area of which changes sharply with
distance downstream. The inner boL_tary of this second annular region
appear_ to be circular in cross section* and the diameter of this bounding
circle grows in the downstream direction more rapidly than the diameter
of the core, The outer boundary of this second annula_ region is also circu-
lar in c_oss section, and the diameter of this bounding circle grows extrer_e-
ly rapidly, such that the projected view one obtains from the side is of an
exponential or horn shape. Qualitatively, each of these shapes can be ex-

' plntned on the basin that they represent m_gnetic field lines. Near the
axis of the device the field lines tend to be fairly parallel, opening slightly

: in the dow_treara direction. As one proceeds away from the centerline,
_ the spread of field lines becomes more rapt_l.

1. 2. Estimates of Density and Mean Free Inath• __ m

An approximate relation for the number density of particles as a function
_: 0f p_eesure and ten_p_rattu'e ._.sgiven by

_, . - 124-
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n = 5 x 1019 P(_n) 273 cm_3 .
76O T

In the a_rnbient gas in the test tank, the te_nperature varies from essentially

room temperature near the tank walls to a higher value near the outer bm_nd-
ary of the jet. If this h{gher temperatl_re value is taken as approximate :y

1000°K, then for the data reported here with cesium flow rates of 3 to 6

mg/sec, the density of Darticles in the arn_-'.ent gas is in the range 10 IZ

to 3_101Z particle.s/cry. _, where a pressu_,e of 0.1 micron is assumed. The
mean free path for collision_ is related to this number density and to the

cross section by

1

na

so that for a collision cross section of 10 -14 cm Z (for neutral cesium) 38

the mean free path is of the order of 0.3 to 1 meter. Tflis is comparable

to the test tank. dimensions, so that collisions of ambient gas particles

with the _ank walls are as frequent as particle-particle collisions.

Within the jet structure the temperature can be very much higher, but the

pressure is also lJ.kely to be mr-.ch higher owing to znagnetlc pinching.

_'urther, the collision cro_s _ction for cha_ged particles may be of the
order of 10 "13 cruZ: rather than 10-14 cm 2. The effect of these changes

is to reduce the mean free path by more than two orders of rr.Agnitude, to
the order of a millimeter.

3. Electrical Characteristics

Volt.,ge probes have been used by Hess and co-workers at NA_&-Langley Z6, 27

arid at this laboratory. # The results o£ these investigations, in general,

are comparable. It appears that the major voltage drops occur _long lines

normal to the applied rragnetic field, while the voltage drops pam_el to the

field lines are smaller. Thus, from the cathode ttp to a point well down- _:_i
stream (order of 1Z inches) the voltag_ _op may be.of the order of 30 per- '_

cent of the arc voltage, since this is along the magnetic field. ' ,_

*Voltagepeons measuteme.etsat hi_er ambientI_essu_es arerepo_tedby Powetr.a_d Pa_ick. 25

72
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_= Cann and co-worke_s at EOS 29 have used cooled Hall effect probes to measure

the tangential magnetic field distribution, yielding the axial currer.t density in
the exhaust. Their results indicate that the main axial current flows in the

" central core of the discharge, leaks off steadily with distance downstream to

._ join the "anode jet, ..t and re_arns in the ,t anode jet, '_ which is identified with

the outer bright region in the e_batust.

Estimates made at Avco RAD indicate that, in the case o.r cesium, this

current must be carried by electrons almost everywhere. The atomic
-= weight of cesium is so large that a flow _f I mg/sec of singly ionized

, cesium atoms represeuts a current of only 0.7. _ ampere. For the mass flows

employed during the tests reported above_ 3 to 6 mg/sec, the _ous can

carry only of the order of 5 amperes while arc currents of as much as 180
amperes have been ru.._ Tc account for this disparity by mttltiple ionizationJ

, would require level_ o" ionization of the order of 30, which appears _ be

quite out of the question from theoretical considerations. Iv_ore complicated
explanations involving neutrali_.._,on, _ecirculation, and reionization ofi

= the ceeinm atoms can be proposed, but this too seems unlikely on theoreti-

cal grounds. Therefore, it is concluded that the great bulk of the current
is carried by electr, s which are emi_ed f__._.._ t.h_ _,thoae, flow down the

centr_1 core of the _ischarge, diffuse into the anode jet over _ eizable
distance, and return to the anode.

4. velocity

Velocities in the MPD arcjet exhaust have been measured in three ways,
two of which depend also on a mass flow measurement, and one of which

is independent of the mass flow measurement. Agreement is fairly good
over much of the specific impulse r_nge investigated.

The indirect measurements have been made using thrust plates and thrust

balances. Thrust 3b_0iances were ,_sed at Avco RAD Z1 and at EOS 3 and

Giannini Scien_ 0 and thrust 1_lates at Avco Everett 31, EOS 32, and
NASA-Langley. Thobe g_oups which worked with azgon or a heavier

gas obtained evidence of higher velocities in the exhaust jet than could be

accounted for by equatlng the kinetic ener_/per ion to t_he.potentia_ drop

in the disch_ge multip!ied by the elect_ovJ_c charge, Iv_ltiple ionization
required In quite large (order 5 to I0 times ionized for some of the data)

and is thought unlikely.

:: Since the q_mntity measured in these cases is associated with the jet moment-
tun, the velocity which is calculated depends also upon the mass flow rate

measurement, Entrainment of ambient 8as could disturb this picture and

:: lead to erroneous values of the deduced velocity. Eve_ though measuremen_.s

have been reporte__at Irressures thought to be low enough to preclude signifi-
-_ cant entrainment, 3, 34, a more direct velocity measurement is desirable.

_" eEOSmceazlr _ uoemlo_ Isp vsl_es fee lithium, whichlure_a atomicweight c_ oaly 7, See t_fe_eacc 34.
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Such a meas_lrement has been made recently at Avco RAD. A u x B

velocity probe developed under _nother program has been employed n •

the exhaust of an ]VIPD arcjet to rz_ke direct velocity measurement., The

u x __B probe is, in concept, an open cl, cuited MHD generator. The emf in-
duced in such a generator when a plasma, flow passes through it with

veiocit T u normal to the applied magnetic field B is proportional _o the

magnitudes of u and B, and to a dimersion between the sensing electrodes.
In the particular probe employed at this laboratory the applied field ]3_is an

alteraating field, excited by ordinary 60-cycle power. Thus the o,_tput signal

of the generator is also 60-cycles, Since the output signal magnitude is now
independent of i'Ioating dc potentials, the signal-_o-noise ratio is very large

at quite modest applied magnetic field intensities. Usable signals are oS-

tained with applied magnetic field strengths as low as l gau_s. This value

of applied field is thought to be so low that the effect of the applied field on
the plasma flow is negligible. A mot _. complete discussion of measure

ments made witl-_ the u x_B probe and their interpretation and validity to
direct velocity determination is given in appeu_iix G.

The velocities measured with this probe in a., gon accelerated by an MPD
arc correspond to a specific impulse as high as 3003 seconds. For an

argon ion the kinetic energy, at this velocity is appraximately 200 electron volts.

volts. Since the applied arc voltage in this test eras of the ordey of 30 volts,
there is Httle question that the e_rgy per ion is larger than could _e ob-

_ined f_om dropping through the applied potential. It is thought unlikely

that the argon ions would be seven times i_nized.

5. Conclusions

Tire observ_ttions listed so far seem to _dicate that the electrons axe the

principal current carriers, at ie_tst in cesium operation; that the anomalous

Is_ values are obtained at a ntLrnber of laboratories over a considerable
s_abient presstlre range; and that there is so far no indication of suffi:ient

voltage drops in the plasma to account for the acceleratlon o£ lens b_, elec-

tric fields. A model is tentativelypropo_edto account for tLese facts in the
next section,

C, ACCELERATION MECHANISM

l. Dc_Q_rlption

With this as a background, consideTable thought has been given to the
mechanism of acceleration in the IV_D arcjet. A mechanism is proposed be-

low and given in more detail in appendix E which appears to explain the

observed phenomer_, and which allows compaxison w_t1: _he experimental
results. The proposed mechanism is still tentative, depending upr, n the
outcome of further measurements.
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Basically, it is tentatively suggested that the energy is added to the propel-

: lant in the form of heat through ohmic dissipation, and the high specific

impulse values are obtained by expansion in a nozzle. The contribution of

the applied magnetic field is to form the nozzle which is magnetic. The

action of Hall currents is to modify the contour of this magnetic nozzle.

This suggestion has been made previously by others, including Hess,

Patrick, and Cann, in general discussions of MPD acceleration processes•

We are suggesting that the perfornmnce we have so far measured in cesium

can be best explained on this basis. • It is stressed that the suggestion is

a tentative one. The motivation for :his concept comes from the observed

fact that "_elocitiesare obtained in the exhaust which appear to be too large

to account for by acceleration in the applied electric field, and that voltage

probe measurements -'Jathe exhaust give no indication of anomalies owing
I to space-charge effects. Since particles can be accelerated ouly by coUi-

i sions or by fields, and since there is so far no indication that the required

fields are present, we have attempted to "£nvestigate collisional mechanisms.
i

Figure 71 is a sketch of the exhaust jet issuing from the MPD arcjet operat-

| ing with cesium. It is based on the photograph of figure 52. A qualitative
picture of the engine operation can be stated as follows:

|

i a. The cesium leaves the engine structure from the vicinity of the
cathode _p as a vapor. It is ionized almost immediately, since the
first ionizati__n potential is so low (3.8 volts), and the collision mean

- free path is short.

| b. The ionized cesium enters _ vacuum chamber where the ambient

pressure is kept low (approximately 9- 1 micron}. The _tatic pres-

sure within the cesium vapor is much higher, and the vapor tries to

i expand. However, it is a highly ionized plasma _ a _,_gnetic field.

Near the cathode tip the _ield is nearly pure axial_ and expansion in th_
radial direction would force the plasma to cross field lines. This would

set up Hall currents to increase the magnetic pressure. As a result,

• the plasma expands very little in the radial direction.

c. The arc current, carried by electrons, flows zhr_gh the plasma

in an essentially axial direction through this magnetic channel There

_:.. is a leakage of electrons in the radial direction, which increases in the
downstream direction as the magnetic field wezL_ers and becomes less
axial The electrons find a magnetic field line which terminates on the

anode and return to tl _ . anode along it. Electrons carry _ current

everywhere, with only a small portion carried by ions.

"Entmlameatwould also explain this pedurrpance. If the pressure measuremeursare valid within a factor of 3, entrain-
meexcan be guled out. but we are aoe sure of the behaviur of ionization 8auges in cesium raper.
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d. C_ver tl_e retl_ru path to the anode the electrons collide with ambient

cesium ions, exciting and ionizing them, and causing the outer luminous
zone to appear. This outer luminous zone is not directly involved in
the acceleration.

e. In the inner luminous zone, confined by the magnetic nozzle, is

.- the entire input mass flow of cesium through which the arc current

passes. This cesium is heated to extremely high temperatures, and

accelerates as it expands in the magnetic nozzle. The pressure levels
within the magnetic nozzle are considerable (order of 1 turn) so that the

mean free paths for electron-ion collisions are quite short.

Z. Evidence for the Electrothermal Model of MPD Operation

The evidence for this explanation of MPD arcjet operation is as follows:

a. Since the current is carried almost entirely by elect:'ons, the cur-

rent flow and the input propellant flow are uncoupled; it is not necessary

that there be a specific number of ions created per second to account
for a given current flow. We have observed that the current can exceed

the flow rate of propellant atoms by such a large £ac'or as to rr,ake

alternative explanations (entrainment, erosion of electrode material,

multiple ionization} unlikely. Further, the measurements of Lenn at

EOS indicate that the current even in the outer 1,_linous zone (in argon)

tends to follow the magnetic field lines; if this current were being car-

ried by ions, because they can cross field lines while _lectrbns cannot,
there would be no n-ed for the current to be tied to field lines. This

observation suggests that the electrons are the current carriers.

b. Since the number of chalge carriers is large compared to the n_m-

ber of accelerated particles, each accelerated par_.cle can obtain energy

from a number of charge carriers. Thus, an accelerated particle can

benefit from a number of particles which have fallen through the applied

potential. There is, then, no limit attached to the I_ as compared to
the accelerator terminal voltage.

: : c. The magnetic effects make _he pressure sizable in the acceleration

,. ,. region, so that there are numerous collisions to transfer energy to the
ions.

; d. The observed voltage patterns in the exhaust region are consistent
with this picture of MPD arcjet operation. The potentially useful energy

i input is given by the product of the current and the voltage drop from
• the cathode to the end of the magnetic nozzle. The rest of the voltage% |

I_ drop between the nozzle surface and the anode is waste, winding up in
J anode heating. In our cesium data, it has generally been the case that

I the thrust power is a relatively small portion of the input power
• • - 130-
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(corresponding to the fact that the voltage drop along the bright core

region is a small part of the total voltage drop}, while the anode heating

power has been a large portion of the input power (corresponding to the
fact that electrons drop through a large potential in going from the bright

core to the anode, and then give up this energy to the anode as they
enter it}.

e. In general, A_D arcjet thrust has been relatively insensitive to "
the n_agnetic field stren.oth, while the voltage has been much more

ser_sitive to the magnetic field strength. This is consistent with the

picture which has been given above; the primary function of the mag-
netic field is to e stablish the nozzle. V_rlations in the field strength

or configuration are analogous to variations in area ratio or divergence

angle of a nozzle. These have some effect on the thrust, but, in gen-

eral, the thrust is not greatly sensitive to these quantities within a wide
range of variations. On the 5_'ner hand, the voltage is involved prin-

cipally with the return of the electrons to the anods across the magnetic

field, and this is expected to be sensitive to the magnetic field strength.

f. In general, the voltage has been r,uite insensitive to the specific

_rnpulse level. If the acceleration were predorr.inantlv through addition
cf directed kinetic energy to the plasma, one would expect the voltage

to climb with specific impulse (analogous to the bac_ emf in a motor).

3. Performance Calculations

Based on this simple picture of the acceleration process, urder of magnitude
calculations have been made of thrustor performance. To date, a relation

has been obtained for the thrust as a function of the engine operaling param-

eters, subject to a number of simplifying assumptions. The analysis is

proceeding in a direction such as to reduce the number of assumpt:_ns, and
to derive also a relation for the overall efficiency.

The nozzle shape obtained in the first order analysis of appendix E is corn-

.v-.red to measurements made from the photograph of figure 52 in figure 72
below. The theoretical nozzle shape was obtained simply by considering

the magnet to be a single turn of 15 cm radius, and by stipulating that no

plasma cross any magnetic field line. Starting with a circular cross sec-
tion of area a U at the cathode tip, the nozzle channel remains circular in
cross section with a cross sectional area which grows as

A = Ao(l + z2/R27/?
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wh_re z is distance downstream. Ao is unknown and was chosen as 1 t
cm for convenience and to accord approximately with Gbsezvations in the
inner luminous jet.

The measured points in'figure 72 are taken from the p,L._tograph of figure

52. The nozzle diameter at _.ny z was taken to be the apparent width of

the luminous inner je_.. This measurement is, admittedly, subjective
and crude; however, itisthought that within uncertainties of the order of

Z0 percent i_ is satisfactory. The agreement between the approximately

calculated magnetic duct shape and the measurements of the luminosity

diameter of the inner jet should not be evaluated too heavily; still, in the
spirit of a first-order analysis it is encouraging.

It is next interesting to make first-order estimates of the plasma para-
meters in the nozzle. Again, these estimates wilI be made, not in an

attempt to 1ix the plasma state precisely, but rather to indicate the orders

of magnitude of temperature, density, etc., which are to be expected. For
these purposes, it is convenient to choose a typical running condition. We
select the case with:

V = arc voltage = 80 volts

I =arc current =100 amperes

= 5 mg/sec

Ao = 1 cm 2

T = thrust = 10 grams.

For this case, the thrust power is:

Pth = 4"8xi0-5 TIsp = 0.96kw

and the kinetic enthalpy of the gas is

I/2u 2 = 2 x 1012 ergs/gram.

The stagnatzon enthalpy is larger by a factor probably between one and two,

owing to frozen flow and incomplete expansion losses. We choose 1.25, so
that

hs = 2.5x10 ergs/gram

and the total energy content of the discharge plasma is

E¢ot = fah s = 1.25 kw.
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_! We now assume that the major portion of the heating nccurs upstream of
,= the sonic point, with perhaps 25 percent of the input power delivere:l

___: in the supersonic region. Then, the total enthalpy at the throat is

hs, t = O*75xZ.5xlO12=l.8xlO 12 ergs/gramand the total energy content of the discharge plasma is
'._

i Etoc-- mh s = 1.25kw .25kw

expect to be in the form of static enthalpy, with a smatl
We most of this

o fraction already in directed form, A rough estimate of the enthalpy of

_ cesium as a function of temperature is given in. figure 73. This has been

calculated simply as

i h = NO k T + Eion

I where N O t s 6x1023, m is the mean molecular weight of the mixture of
cesium, ions, and electrons, and Eion is the energy per ioninvested in

ionization _ncluding multiple ionization). Each stage of ionization was
assumed to occur at a temperature such that

EI
kT--

I0

where E I Is the ionization energy of the level in question. This is a fairt:T
good assumption at low pressures, if there are sufficient collisions.

According to figure 73, su enthalpy of 1.8 x 1012 ergs/gram in cesium
corresponds to a temperature of approximately 60, 000oK, with essential-

._:. ly complete fourth ionization and partial fifth iouization. In this case, r_.
is about 25. We can now compute the sound speed from

R• a=, y-_- T ,
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I and we find with y = 1.4

a _ 5.3 x 105cm/sec .

In this case, the directed kinetic enthalpy at the sonic point is given by

" hK,g.,t = 1/2a 2 = 1.4 x 1O11 ergs/gm,

or about 8 percent of the total enthalpy at the oh2 oat.

•_ We next ask what are the electrical chara.-.teristlcs off the subsonic portion

| of the flow. At the thro_;t tem_,e_:,_z_ ,__ _-'_nd t_e electrical conductivity
as given by Spitzer: 351

I 2.6x 10-4 7e T3/2

I Z_

I where Ye is a fractiou .near u_ity for multiple ionizatlon_ _ .: ,_ is of theorder of 10 for the co: _ns thotlght to" exist in the MPD at,.; _t, and we
t take 4. 5 for Z. Then
J

o _, 60 mho/c=

This conductivity actually is not a _e-_sittve functi,. _ _ _ : _.mperature down to
the order of 10, O00°K, for, as T decreases, Z ai: ": :._;creases. On the

assumption that the entire subsonic region can be r _present_d by a conduct-

ivity (along magnetic field lines) of 50 rnho/cm, ;re _ind the electrical input

power to be

P = 12R = 12 1 i04 x 5 ;L-- = -- = ___-=w.
_A 50x 1

For a 5 mg/sec flow rate hs, t = 2 x I0 IZ ergs/gram, in fair agreement
with the assumptions.
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In summary, these first order estimates indicate the following approx;mate l

conditions in a typical cesium test:

Current = 100 amperes

Voltage drop = 10 volts

Cathode to sonic point

Distance,

Cathode to sonic point = 5 em

Enthalpy, sonic point = 1.8 to 2 x 1012 ergs/gram

Temperature, sonic point = 60, 000°K

Level of ionization 4 to 5

Sound speed, sonic point 5. 3 x 10 5 cm/sec

Density, sonic point (_/ 10"8 gm/cm3

Pressure, sonic point (nkT} I.5 x 10-3 = I ram.

More careful analyses are planned, and they may chang( these estimates

substantially, but in a qualitative sense they serve to indicate conditions

which a_'e present in the proposed magnetic nozzle.

It is finally of interest to examine the magnetic interaction pa.rameter,

o B2 t/p v . If there is an effective nozzle, this must greatly exceed unity. _

Using sonic point conditions, and MKS units,

aB2/ _x10 3x10 -2xlO -I
---- _ "- I(X).

pv 10-5 x 5 x 10-"
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V. CURRENT DEVELOPMENT STATUS OF THEMPD ARC JET

_ TheMPD arcjet and similar devices (e,g., the Hall curl'ent accelerator, the

_ Harc jet, the magnetic annular arc: etc, ) continuo to hold promise as electric

_ propulsion devices because of a relatively- high thrust per unit cross sectional

area compared to the inn engine, an "apparent" high electric to thrust power
energy conversion efficiency, e.g., > 50 percent at _000 seconds, lightweight

power conditioning requirements, and simplicity. The enthusiam for the
_: device is. however, tempered by the observation that in operation with gaseous

propellants, e.g., hydrogen and ammonia, at power levels of the order of tens• of kilo_-_tts and mass flow rates less than 0.01 gm/sec tJlere is clear evidence

of an interaction between the test envizonmen_ and the acceleration process,
which would not be present in the hard vacuum of space. This interaction is

illustrated by the observation that the engine continues to run, without electrode

erosion, at a no-mass-flow condition; this is clearly indicative o£ either massflow ingestion into the engine or mass flow entrainment into the exl_,_st re.on.

The possibility of entrainment and/or ingestion unfortunately puts into question

i some of the propulsion performance results on which the early enthusiasm fore

the MPD arcjet was based. Recent propulsion performance data obtained

using the condensable alkali metal vapors, e.g., lithium, at low back pressures
(order of I 0 -q to ] 0 -6 _ Hg), although promising, are stiU not con-

clusive e_-idence that the MPD arc jet will give the sam _. performance in both

a laboratory and spa_ e environment.

i Apart from the question of the effect of t_ st environment on IVIPD arcjet

performance, other fundamental questions pertaining to the nature of the MPD

arc jet acceleration aud energy loss mechanisms remain unanswered.

I. At current flows of the order of thousands of amperes and with a

negligible external magnetic field the measured engine thrust can be pre-

dicted analytically and is clearly identified with self-induced magnetic

pumping, JaB0, and magnetic blowing, jrs0 , effects. Predictions of over-
all electric-to-thrust-power efficiency can be made for this mode of

operation based on complete ionization, frozen flow, and assumed anode
and cathode fall voltages; however, neither the significance nor validity"

of these predictions is clear. Further, particularly in the case of the

gaseous propellants and their art _e_lant high test tank pressure, due to
uncertainties in the "actual" mass flow rate, the significance of the

"measured" el_ctric-to-th-ust-power e_fic_-ency is not celtain.

2. At curr_nt flews a_ the order of tens and hundreds o£ amperes and with

_n externally applied magnetic field of the order of a kgauss the nature of
the acceleration mechanism is not clear. Speculation on the nature og

the. acceleration process Includes: (i) inter___-tion of an induced azimuthal
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current, :0 " with the applied field, Br ; (ii) electrothermal acceleration
of the gas resulting from local .joule heating; (iii) conversion of rotational

kinetic energy (r_sulting from the interaction of the applied field, Bz, with

the applied current, ir ), into directed kinetic energy in a magnetic nozzle;

and, finally, (iv) a combination of _ three. Again, as in the case of

operation with self-in_uced fields, both analytical predictions and des:-
measurements on the electric-to-thrust-pov_r efficiency are lacking.

3. In the case of water=cooled engines operated with gaseous propellants
t_.e apparent anode fall vc_Itage, defined as the ratio of anode power to

current flow, was relatively insensitive to propellant and magnetic field
and was of the order of 25 volts. In the case of cesium, the apparent

anode fall voltage was not independent of the current. The reason for the

apparent discrepancy in anode behavior between the gaseous propellants
and alkali metal vapor is not clear.

4. A critical factor in the evaluation of the possible significance or lack

of significance of entrainment in terms of engine performance is the
determination of the extent of the zone of therma_ and/or kinetic energy

addition, Although the existence of current paths downstream of the engine
has been identified, th_ extent of the actual acceleration zone As unknown.

It is important to recognize that gas entrainment outside of the gas acceler-

ation zone will not affect engine propulsion performance.

5. Critical to an examination of the hf_D arcjet acceleration process is

experimental information with regard to the degree of ionization, and the

electron and ion temperatures in the M,PD arcjet exhaust, Estimates of

the degree of ionization by different investigators using different techniques

range from slightly to ful!y ionized. In the case of a fully ionized plasma,
the steady-state Hall currents would, of course, be negligible.
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_/.. Vl. DIRECTION FOR FUTURE RESEARCH

1. Systematic thrust stand dataar_neededon the performance of a r ties of
alkali metal vapor _D a_cjet engines as a function of configuration, cur.rent,

_::_ magnetic field strength, mass flow. rate, and tank pressure,

_-: Z. The thrust an-& specific impulse data obtained as part of item (i) must .be

complemented with simultaneous direct velocity measurements in the MPD
_. arcjet exhaust. The exhaust velocity measurements should be carried out by

means of a number of different techniques including Faraday-type probes,

_- _iouble Langmulr probes, a_d particle time-of-flight measurements using

photomulti21iers, velocity measurements, _,,hen compared to specific
The the

_ impulse measurements, will give an s stimate of the significance of gas entrainment

I as a function of operating conditions.3. Knowledge of the nature and extent of the accleration region can be enhanced

by a series of local B-field and E-field measurements which, in turn, can be

used to establish local current, local conductivity, and local joule heating.

The local magnetic field components, i.e., Bz , B0,B r , can be measured
by means of local, solid-state Hall probes; and the local field, i:e., Ez, E0 ,

and Er , by floating probes. The local a_al velocity measureme_s,U z , obtained
under item (Z) should be comp1_mented by local a_imuthal velocity measure-

ments, U0, to investigate the possibility of the conversion of swirl velocity

(resulting from the interaction of the axial magnetic field, Bz, and the radial
c_rrent component, Jr ) to directed kinetic energy.

4. A significant energy loss me_.hanism in the MPD arcjet is the power trans-

ferred to the engine electrodes, in particular, to the anode. Systematic data are

required tr_ establish the effect on anode heating, if any, of propellant, electrode

configuration, and magnetic field strength. O_ particular _nterest is the

apparent dilference in behavior between the anode performance of the gaseous

and alkali metal rapor propellants.

5. Experim_mtal information is required on the degree of ionization in the IVIPD

arc jet exhaust both for the purpose o£ fixin_ electric-to-thrust-power efiiciency
limits, and to establish the nature of the acceleration process.

&

%
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APPENDIX A

HIGH S'_CIFIC IMPUI_SE ENGINE PERFORMANCE DATA

1. Performance Data for X-ZC High Specific Impulse Engine

Tables A-l, A-7, and A-3 list performance values which have been obtained

with the X-ZC engine in hydrogen, ammonia, and argon, respectively.

Z. Pressure-Tap Cathode Resultz

Table A-4 lists measurements which have been made with an X-ZC engine in

which the cathode contained a Z. 3 nun diameter pressure tap at the tip.

3. Psrformance Data for X-ZA High Specific Impulse Engine

The X-ZA engine differs from the X-ZC in two respects. The X-ZC nozzle is

replaced by the nozzle shown in figure A-l, and the separately excited mag-
netic field is replaced by a self excited magnetic field mounted on the thrustor.
Data on X-2& engine performance are listed in table A-5.

4, Performance Dat_ for X-ZB High Specific Impulse Engine

The X-ZB ensine differs from.the X-ZC in that the nozzle of the X-2C is re-

placed by the configuration shown in figure A-Z, while the cathode is reFlaced

by a hemisphere tipped rod. Data obtained wJ*J.the X-2B engine configuration
are listed in table A-6.
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APPENDIX B
J

CALCULATION OF CONTRIBUTIONS TO T

We assume the followin_ current distribution, referring to figure B-h

_'igure B-I

At the cathode

j = Oforr<r o

j -- co_matfOr,o<r<r c

j = Oforr>r c
At .*he anode

j = 0 exceptatr=ra.

With this assumption of current density distribution at the electrode surfaces,

we first compute rc from the cathode tzp overpressure, then Tpu_ , and
fir_-'qly,Tblo..

I. Cathode Tip Overpressure

For ro <r <r c the current density at the cathode surface
is ,,

1
j_= (B-D

.(rc2-_o2)

and the resulting azimuthal magnetic field is given by iNL_wve11's equation
for curl B as

B° " -7 _,,2_,o2] C_-z)

-I 53 - .__.:
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We equate the radial j x B force resulting from the interaction of this axial
current density with the aT.irnuthal magnetic field to the raalal pressure
gradient:

zl- = - dP/& (B-31

Hence,

• 212 -

P = Po + "- - dr (B-4)
2 2

$

i _(_c to)

i where P - P is the cathode tip over pressure. The quantity measured is
P(ro) which°is obtained from equation (B-5) by letting r = ro

12 r2 In

For mathematical convenience we definerclro = _so that

The measured pressure values as a function of current now determine /3
and hence rc as a function of current. Numerical values are computed
later in this appendix.

T_

By definition,

R
#i

I [P(r)- Po]2._a, (B-8)Tp p
O
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where R is the outer radial extent of the cathode. From equation (B-5),

P - Po is non-zero only for r< tc, so that the upper limit of integration in
equation (B-8), R, can be replaced by rc . Making this change, and sub-

stitutingfor P(r) - Po from equation (B-5) for %<r<r c, and the value of

equation (B=8) for r = to when 0<r<r o, we find:

+ _ _2 _o2 _. 2._d,. {B-g)
co

_arrying out the indicated integration gives:

TpumP = 12/2 (B- 10)

which is the s_ne relation used for the cylindrical sheet discharge.

Tb|ow

The blowing term is now evaluated from a relation given in reference 37

and reproduced here:

= -- d_ (B-ll)FZ Tbl°w t
O

where

t

Ic(r) = / 2_ric(t)dt
O

and
E

Ia(r) = / 2rrrja(r)dr
O

*h can be pro_-en,although it is not demoascratedhem, that Tpump always is given by _I 2, independem o£the eurr_-q_t
cleusitydistribution.
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_'_ For the current density distribution used in this appendix,

_ Icft) = 0 r < ro

_. I_r o < r < r¢

Ia (r) = (_ t < ra

I, r> ra

the integral of equation (B-If) becomes

i Tbi°w = I2 r :--__2": -_" + (B-I_.}

(rc - ro) rc

I.#_ :o :o :o ]

lo, -T+ - tO,o ,.
= + In _ .

I2 r4c -- 2r2o r2c + r4o rc

Again using _= r/r o , and neglectingterms of order r4° In,

Tbiow = 12 n-- + :/_2
(B-13)

•o :
This differsfrom the resultobtained for a cylindricalsheet current by the

additionof the term 1/4 (f12_ 3/_2 . I). Since typically,flis of the order
of 2 or 3, the additional term is of the order 0. lI 2 to 0.2I 2.

2. Numerical Results

I For the current distributionused in thisappendix we evaluate Tself as a
functionof current and compare the values so obtained with those calculated

for a cylindrical sheet current diatribution.

a. Tpump = I/2 12

" b. _ is evaluatedfrom equation (B-7) us._ngthe measured p(% ) - Po.
This is best done graphicaUy.
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c. re = fir o )

d. Tblow is evaluated from equation (B-13), using fl obtained in step

b, rc in step c, and ra = rtht_at

e. Tself = Tpump + Tblow.

:['he results are given in table B-_T be!ow:

TABLE B-I

FOR UNIFORM CATHOD]_ CURREN'? DE'NSITY WITH PRESSURE TAP

'I Tp_p fl _ :rblo,,T_ "r__
amo _ cm _ram _r_m _r.m
1000! s. 1 2 0.230 11.5 16.6 17.5
15001 11.5 2.45 0.282 Z2.5 34.0 37.2
2000 20.4 2.75 0.316 36.2 56.6 59

2500i 31.8 3.05 0.351 50.1 81.9 86.4

*Tself for cylindrical sheet current distribution

r = 0.114
O

r = 0.635 .
a

It is clear from table B-I that the effect of this variation in current distri-

bution is small on Tself .
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APPENDIX C

MPD ARC JET ENGINE PERFORMANCE DATA

Tables C-I, C-l/, and C-IH list performance values which have been obtained

with the X-2C MPD enpine in hydrogen at mass flows of 0.05, 0.03, and 0.02

grn/sec, respectively. Tables C-IV and C-V listthe performance values ob-

tainedin arnmoniaatmass.ftows of 0.058 and 0. 029 gm/sec, respectively.

TABLE C-I

PER_'ORMANCE OF THE Iv£PDARC X-2C WITH HYDROGEN MA_S FLOW OF 0,05 GM/SEC

Field Power to
Arc Coil Arc Specific Input Thrust Anode and Thermal

Current i Current Voltage Thrust Impulse Power Efficiency Cathode Efficiency

(amperes).l (aml_res) (volts) (grams) (seconds) (kw) (percent) (kw) (percent)
!

600 I 700 72 62 1740 43.3 8.5 18.7 57
1000 70.5 104 2080 70.5 14.8 26.8 62
1300 70.5 146 2920 91.7 22.3 32.0 65
1600 81 204 4080 129.5 30.9 38.3 70
600 800 76 66 1320 45.6 9.2 20.3 55
1000 76 116 2320 76.0 17.0 28.Z 63
1300 80 158 3160 104. 0 23. 1 3_. 8 68
1600 86 216 4320 137. 5 32. 6 39. 3 71
60P 900 80 70 1400 48.0 9.8 20.7 57
1000 80.5 120 2400 80.5 17.I 29.1 64
1300 85 174 3840 II0.5 26.3 34.7 69
1600 90 222 4440 144.0 32.8 40.2 72
600 I000 85 74 1480 51.0 I0.3 21.7 57

1000 85 129 2580 85.0 17 8 30.0 65
1300 90 183 3660 117.0 27.5 36.5 69
_630 95 241 4820 152.0 36.7 41.2 73
600 1100 88. 5 83 1660 53.1 12. 5 22. 6 57

1000 90 145 2900 90.0 22. 4 31.0 66
1300 "95 200 4000 123.5 31.1 37. 4 70
1600 100 258 5160 160.0 40.0 41.6 74
600 1200 92 87 1740 55. 2 13. 2 22. 6 59

1000 94 i49 2980 94.0 22. 6 3 I. 9 66
1300 99 208 4160 129.0 32. 2 37. 9 71
1600 103.5 270 5400 166.0 42. 2 42. 6 74
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APPENDIX D

PROPUI.SZON PERFORAiANCE OF A LIQUID COOLED
MPD THRUSTOR W.TH CF_IUM PROPELLANT

] Cesium Arc A_C Arc
Point I Flow Voltage Current Power B Thrust

I (8m/sec) (volts) (amps) (kw) [kilogauss] (grams)

l 3. 5x lO -3 IEO 85 9.35 2.2. 9.4

2 I15 80 9.2 2.5 8.7

3 115 80 9.2 Z. 75 8.1

4 115 80 9.2 3.05 7.4

5 114 80 9.12 3.3 6.7

6 110 85 9.35 J 2.2 !8.1"
I

? 3.8 x 10-3 120 71 7.5 2.2 8. 1

8 93 llZ 10.4 i 2.2 I0.1

9 83 127 10. b 2.2 I0. 7

I0 4.2X I0 -3 80 130" 10.4 2.2 9.4

11 79 130 10.3 i 2.75 9.4

12 75 131 9.8 2.2 8.7

13 70 132 9.Z I 1.65 8.7

I_ 69 135 9.3 1.65 8 v

]5 5.1xlO -3 64 135 8.6 1.65 8.7

16 52 140 7.3 1. I 6.7

17 67 139 9.3 _ 2.2 9.4
E

18 S.Sx 10-3 42.5 140 5.95 ! 0.83 6.0

19 37.5 140 5.25 0.66 5.4

ZO 64 138 8.8 2.2 10,7

Zl 44 140 6. IS 1, I 6.7

22 6.0x 10-3 52 175 9.1 I.I 8.7

23 67 175 10,7 1.65 9.4

24 62 140 8. 7 2. _ "I0. 7

25 59 141 8.3 2.2 10. '7
| _,
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F

_- I Thrust Overall Power to Arc

i._. Point Isp Power Efficiency Cooling Efficiency _o/carc

_-" [. (seconds) (kw) (percent) (kw) (percent) (percent)

1 2690 I.21 13 6.25 33 39. 5

_: 2 2480 I.04 1I.3 6. ! 34 33.4

3 2320 O.9 9. 8 5. 9 36 27.2

t 4 2120 O. 75 8.2 5. 75 3"_ 22. 2

" 5 1920 O.62 6.8 5.6 38 17.9

6 2320 O.9 9.6 6.6 29 33. I

$ 7 2120 O. 83 II 5.4 28 39. 3

I 8 2660 1.28 12. 3 7.2 31 39. 8
i-

9 2810 I.44 13.7 7.2 32 42. 9

_" 10 2240 I.01 9.7 7. I 32 30. 3

i I1 2240 1.Ol 9.8 6. 9 33 29.7

12 ,, 2070 O. 87 8.9 6.9 30 29. 7
!

13 2070 O. 87 9. 5 6. 9 25 38. 0
I

I 14 Z070 O. 87 9.4 6. 9 26 36. 2
ir

| 15 1700 O.71 8. 3 6. 6 23 36. I

16 1310 O. 42 5. 8 5. 6 23 25. 2

17 1840 O.83 8. 9 6.6 29 30. 7

18 1090 O. 32 5.4 4. 6 23 23. 5

i
19 980 O. 25 4. 8 4. 1 22 21.8

20 1945 I. 0 11.4 6. 3 28 40. 6

.. 21 i 1220 O. 39 6. 3 4. 6 25 25. 2I
;e.

_; 22 1450 O. 61 6. 7 6. 9 24 28. 0

23 ISTO O. 71 6.6 7.6 29 22.8

L.,

24 1780 O. 92 I0.6 6. 3 27 39. 3

, 25 1780 O. 92 11.0 5. 9 29 36. c
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APPENDIX E

A THEORETICAL MODEL FOR THE hlPD ARCffET

IN A STRONG M-_GNETIC FIELD

A. PRELIM/NARY DESCRIPTION OF THE MODEL

In the mode/for the hlPD arcjet proposed here, itis assurned that the ex-

ternally applied magnetic field is sufficiently strong tha_ it can effectively

prevent the flow of gas across the magnetic field lines, sc that gas and current

flow are essentially constrained to follow the lines of the applied magnetic

field. The applied field thus acts basically as a "magnetic nozzle" which

confines the gas and allows it to be heated to rather high temperature by the

arc current at relatively high pressures. Because of the high pressures, the

electron energy can be transferred efficiently to thermal energy of the ions
by collisions, and this enersy is then converted into directed motion by ex-

pansion through the nozzle just as in the case o_ an ordinarv material nozzle.

The gas momentum is transferred hack to the engine partially by direct gas

pressure in the cathode region, but primarily indirectly through the magnetic
field by gas pressure on the "magnetic nozzle." This latter interaction between

the gas and the "magnetic nozzle" is, of course, just another way of describing

the j x B forces on the gas.

In the "magnetic nozzle" mode/ of the h_PD arcjet proposed here, the regl,',n

outside of the central gas flow should have a very low density and hence a
very large value of _, for electrons. Hence, in this region, current flow will

be easy along the mP.gnetic field lines, hut very difficult across them. The
arc current will thus tend to flow out from the

cathode along thecentral gas core for a considerable distance, but at the same

time will gradually leak off through the surrounding low-density region across

the magnetic field lines and return to the anode along the magnetic field lines,
as indicated in the figure. Although the resistivity fur current flow across the

low-density sheath region is very high, the cross-sectional area is large
and the current density at any point is Iow, so that the total arc current can

get through this region without requiring an excessively high potential drop.
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B. CONFINEMENT MECHANISM

For the arcjet model proposed above to be applicable, the applied m_gnetic

field must, of course, be sufficiently strong to provide the assumed confinement

of the gas jet. One necessary condition for this is evidently that the magnetic

pressure of the applied field must be greater than the g_ _ pressure, i.e.,

B2 _i)P < --
8=

For an applied magnetic field B _I(D9 9_,:_s, the magnetic pressure B2/8-_0.I_,_,

so that condition (I) should be very w-. satisf" d for the conditions existing

in the M.PD arc jet.

Equation (1) gives the maximum gas pressure which ca,z be coh'ained by the
applied magnetic field if the gas does; not leak across the magnetic field lines,

but it does not indicate how long this pressure can be maintained under actual

arc conditions. In erd_r to investigate this confinement time, it is necessary
to determine how fast the gas can diffuse across the magnetic field lines.

There are apparently a number of mechanisms by which this diffusion process
can occur, and many of these are not well understood at the present time,

so that it is not possible to give a definitive answer to this question here.

However, it is possible to consider a few of the more likely diffusion mechanism

One of the simplest of these is the diffusion produced by the finite resistivity
of the gas. For this mechanism the diffusion velocity of the gas across the

magnetic field lines is given by (Spitzer, 2nd edition, equation Z-39)

I 1.78 x 10 -3 Z 1-

vP = v. (Z);D = eB2 B2 TI/2

|
_ Assuming a fully ionized gas with T = i0,000°K, p = I mm Hg, and applied

magnetic field B = I000 gauss, and a jet diameter of about 1 cm, equation (Z)

gives a diffusion velocity vn--105 cm/sec. For a jet "_elocity v "" 106 cm/sec

(corresponding to a specific-impulse Isp -- i000), this gives _VD/V) -- 0. 1 so
that the gas flow is approximately along the magnetic field .;;xQs under these
conditions. For higher temperatures or lower pressu, c_. :he diffusion

._ velocit? calculated from equation (Z) would be smaller and ._r.e confinement of

the gas to the magnetic field lines correspondingly better.

Anothe_ possible mechanism for the diffusion of gas across _he magnetic field
lines is provided by turbulence in the field, For this mech._nism, Bohm has

' suggested a formula for the diffusion velocity of the form (Spitzer, equation
_t Z-45)
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540 T
VD = Vn - (3)nB

For the jet conditions con:_idered previously, this formula gives vD _ 104 cm/sec

and VD/V- 10 -Z so that again the gas is constrained to follow the field lines
rather closely.

Although it is not possible to draw definite conclusions without a better under-

standing of the phenomena involved, it appears from the above discussion that
for many conditions of interest in MPD arcjet operation it should be a good

approximation to assume that the gas flow follows the magnetic field lines
rather closely, se that the "magnetic nozzle" treatment of the flo_ -.rill be

applicable. This should be especially true for conditions of low mass flow or
high specific impulse. The force which prevents the flow of gas across the

magnetic field lines as discussed in the preceding paragraphs is of course just
the usual magnetic induction force which arises when a conductor moves in a

magnetic field. Thus, when the gas tries to move across the magnetic field

--- lines, it induces an a_imuthal current JO which interacts with the applied field
B in such a way as to oppose the motion which produced it, and thus to keep the

gas moving along the magnetic lines. Within the applicability of the magnetic

nozzle approximation discussed above, we see that the induced current j0
automatically adjusts to provide just the force which is required to k_ep zne gas
from moving across the field lines. Since this force is proportional to i x B,

it follows that, for the same gas condi_ _ns, the azimuthal current ]0 will be

inversely p=opor_ional to the applied field B,
1

iOaB

while the gas flow and the net thrust prodoced will be independent o:[ B, for

sufficiently large applied fields B.

C. FLOW CONDITIONS IN THE "MAGI_ETIC NOZZLE"

For a first approximation, we may treat the flow of gas thzough the "magnetic

nozzle" by means of conventional one-dimensional nozzle tI_eory. The equations
of motion then become:

d

dz (pvA) = 0

A dp dv--+ pvA--= 0
dz dz

h+ T
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_': where A is the cross-sectional area of the nozzle, S is the power added to the
flow per unit length, and all quantities are assumed to be functions only of the
axial co-ordinate z. The cross-sectional area A is determined in this approxi-

_ marion the condition that the total flax [a the nozzle is constant,
by through-j-so that

1^ . _ (6)

_: where B is the applied field.
_ In order to get a quali_tive idea of the nature of the solutions of equation (5),
¢_..-

'_ we now introduce the further approximations that the gas is ideal so that

h = Y P (7a)
y-I p

and that the energy deposition in the gas is entirely due to Joule heating

12
S = -- (7b)Aa

where the arc current I and the electrical conductivity a are assumed tobe

constants. One notes that among other things, equation (7) assumes that the

gas is in equilibrium and that energy transport is negligible, _wo assumptions
which are likely to be quantitativel 7 rather poor. Further, we assume that the

magnetic field is that produced by a single coil of radius R, so that along the
axis

2. iB R2
B=

i (z2 + R2)3/2"
The corresponding area from equation (6) is then

A = Ao (1 + z2/R 2) 3/2 (8)

_ where a o is the cross-sectional area of the flow at z = 0.

. Using equations (7) and (8), the mass energy conservation equations (5a) and

< (5c) may now be integrated to give

pvA=m

+_' --1 v2 = Vs + ,2 (9)
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• with

(1)'w =-- ; _= • (10a)
o_ Ao

Using this result and introducing the new variable

= v2 (yp/p)= M2 (lOb)

where M is the Mach number, the momentum conservation equation (5b) can be
written in the nondimensional forr_:

dT/ __ _,, + 2 111)

An analysis o£ equation (11) shows +/_at the solutions wi]/be thermally choked at
the point

1

= 1, _: = 5 (y + 1) (IZ)

and this furnishes the requ_.x-ed boundary condition for the solution of equation
(11). This solutionhas not yet been obtained;however, some general informa-
tionabout the nature ofthe so'_utioncan nevertheless be obtained from a

knowledge of conditionsat the sonic point (12). The formulas for the various

gas properties at the sonic pointare readily obtainedfrom equa_ons (7),(8).
(10),and (12)above, as follows:

2w
hs = (13a)

_/(r+ 1)(r +7)
,=,

_/ 2(7-1) (I3b)V(-_' (y+ 7)

6 3/2/ _/-_"_1) (_,+7) ,;, _ISc)P8= (y--"_') 2(_,- 1) ao_/T

(13e)

T8 = r-x M h ..... 2(;,-1) U W
r k(1+z) ),V(y+I)(_,+7) k(Z+ X)
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.... where M is the atomic mass, Z is the average charge on the ions, k is Boltzrnann's

__ constant and Wis, of course, the quantity defined in equations (10a) above. In
addition, we find from the energy balance (eqt_tion (9)) that the total voltage
drop between the cathode and the sonic point is

' v_= _r/_-____v (130
_: T y ,�`�I

_i.' while the total drop along the arc axis is simply
g

!

If it is assumed that all this energy is converted into directed motion, one
obtains a final expansion velocity for the gas of

i v_ = vr_W- (13h)

D. CONCLUSIONS

The main conclusions to be drawn from theresultsprasen_ed above are apparently
the following: l) the jet temperature is rather high, _) the je_ pressure is
also relatively high- compared to the ambient for a considerable distance down-
stream from the exit, and 3) the gas acceleration is prhnarily thermal in
nature. The j x B forces play at, L_.portant, but somewhat indirect role in the
acceleration mechanism by confining the jet gas _qthin a "rnagnetic nozzle"
coDfiguration so that it can be heated to the temperatures and pressures
required for the thermal acceleration.

Because of the large number of rather gross approximations which were made
in the present calculations, they should be taken only as indicating qualitatively
the sort of conditions which are to be expected in the i :PD arcjet. To obtain a
more quantitative prediction of the arc behavior, the "magnetic nozzle" calcula-

tion reported here should be extended to include, among other tlungs,non-
equilibrium effects, in particular the possibility of different electronic and
ionic temperatures and the effects of current a_nd energy losses or gaLns in the
"nozzle" due to radial flow of current and energy through the sides. Wo_!- is
now underway to try to incorporate these effects into the model.
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APPENDIX G

EXHAUST VELOCITY MEASUREMENTS USING A ux B PROBE

The use of a ux B_probe for directly measuring the vetoci_- in the exhaust of
the IvIPD arc jet was initiated becaus6 the velocity values obtained at this lab-

oratory using the probe in the exhaust of a 30-kw constricted arc arcjet were

found to agree well with r/_e values of velocity determined for such an engine
by the conventional method of determining engine specific impulse by taking the

ratio of engine thrust to mass flow rate.

I:our different gases were used with the 30-kw engine, namely hydrogen,

helium, nitrogen, and argon. The power levels were in the vicinity of 5 to 20
kw and the specific impulses ranged from 180 seconds (velocity of I. 8 x 105

cm/sec) for argon to i000 seconds (I. 0 x 106 cm/sec vel_cit7) for hydrogen.

i The experimental measurements are sun_marized in table G-1 which lists the

engine operating conditions, the average velocity as determined by the, x B__

I probe, <u>, the average velocity from the specific impulse values, tspg, and

[ <u>- Ispg By general inspection of the table,

i finally, the relative difference, <u> ", it is seen that on the average, t_ relatgve disagreements are not very great

: and several naeasurenlen_s were therefore performed using the u x _BBprobe in

the exhaust of an MPD arcjet (Model X- 2C).

Figure G- 1 shows a plot of g I versus the average velocity <u> determined by the

u x B probe method with amm_Pma propellant. Ideally, the points would lie on
the straight line drawn on the figure. The points shown do not represent
individual measurements, but al'e rather the averages obtained over a large

number ot measurements. The scatter iu the measured values was quite

large, as high as 50 percent at the I. 0xl06 cm/sec velocity point.

It is at present not completely clear exactly what the validity of the u x B meas-
urement is in the exhaust of the MPD arcjet. This is due to the fact that,
unlike tlm exhaust of the constricted arc engines, the extent of current flowing

in the MPD exhaust is not known with any great acauracy and these currents,

if and where they do exist, can introduce parasitic elec :'ic fields (such as the
Hall field) between the probe sensors and lead to erroneous interpretation of

the velocity measurements.

A second interpretative consideration arises from the somewhat different

quantities measured by the two methods. The specific impulse is determined

by
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whereas the u x B probe rne_sures

R

"I u r&<u> --

R r&

It can, however, be shown that unless the exhaust momentum and mass flow

distributions are very unusually extreme, as for example, if all the momentum

is res'.ricted to the exhaust axis, while the mass flow is restricted _o the wings
of the exhaust, that this difference does not exceed approximately 10 to 20
percent. Even for the extreme example just cited, the difference would be
only of the order of 35 to 40 percent.

Work with the u x Bprobe is presently continuing under another program and
the considerations just outlined, as well as several others considered to be of

much less importance, are being studied to determine their importance in the
interpretation of the data obtained.

The program under which the u x B probe was developed origin_.+es from the
Aeronautical Systems Division, Wright-Patterson Air Force Base, and is

entitled Gas Acceleration through Interaction of Electrical Discharges with
Pre-Ioni'-edGases and Magnetic Field_. and is ¢ond_,__ted a*. Avco RAD under

Contract No. AF33(657)-11310. The da,_a of t_ole G-I were taken from Monthly
IJetter Report No. 9 of this program.
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